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Two promising ways of manipulating light-matter interactions at the nanoscale are through 
the use of noble metal plasmonic nanostructures and quantum dots. However, the majority 
of previous studies focus on single particle properties in solution instead of in mesoscale, 
organized, substrate-bound arrays and films. Understanding and guiding the assembly 
behavior of nanostructures in a large-scale, bottom-up, and controllable manner has 
important ramifications for controlling resultant unique properties for emerging optical 
applications. The primary goal of this research is therefore understanding, both 
experimentally and computationally, the principles that govern plasmonic and emissive 
properties of nanostructure assemblies that possess novel emergent optical properties. 
This work was focused into three concrete tasks for understanding, controlling, and tuning 
nanoscale optical properties through the use of nanoparticle coupling interactions, 
polymeric components, and large-scale assemblies: 
• Understanding the nanostructure assembly fundamentals that can result in 
broadband absorbing plasmonic nanostructure assemblies through controlled 
coupling and assembly behavior; 
• Gaining insight into the various morphologies of conjugated polymer and 
plasmonic nanostructure composites and how their combination can be utilized for 
reversible and stimuli-responsive plasmonic resonances; 
• Examining the morphology of quantum dot/polymer composite films and how their 
interfacial properties can be altered for the enhancement of quantum dot 
fluorescence using dewetting-induced far-field scattering.  
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Specifically, the coupling of silver nanocubes with a nanogroove-containing gold film by 
using a polymer spacer layer was demonstrated to provide high broadband absorption in 
the visible-near-infrared range over a wide range of incident light angles. The extension of 
broadband absorption to a total-internal-reflection framework was accomplished using a 
silver nanocube aggregation gradient. Silver nanodisks, gold nanocubes, and gold nanorods 
were combined with different conjugated polymers to achieve reversible electrically 
controllable resonance modulation. Novel light-sensitive compounds were also 
synthesized and combined with silver nanocubes to create light-driven, extinction 
modulating films. Finally, the dewetting behavior of quantum dot/polymer composite thin 
films was utilized to increase film emission. In particular, this method was able to generate  
large area photoluminescence intensity enhancements in a controllable and facile manner 
in comparison to other enhancement methods. Realistic finite-difference time-domain 
electromagnetic simulations that took factors such as nanoparticle edge rounding, 
nanoparticle coupling, and the presence of surfactants and substrates were also 
instrumental in clarifying the mechanisms behind observed assembly phenomena.  
Overall, the integration of multiple components in nanoscale assemblies and the 
subsequent characterization processes presented in this work can be used to address several 
existing challenges in present photonic and sensor applications. The controlled 
combination and assembly of noble metal and semiconductor nanostructures realized 
during the course of this work can serve as future guides and frameworks for further control 




CHAPTER 1.  INTRODUCTION 
Light-material interactions occur due to the interactions of light’s incident oscillating 
electromagnetic fields with the electrons in matter. This motion may lead to several 
mechanisms such as the absorption, scattering, transmission, reflection, or emission of 
photons. The demand to find novel ways to govern these light-matter interactions has risen 
as more control of local energy transfer, photo-thermal effects, and energy dissipation is 
sought for applications such as photovoltaics,1 waveguiding,2, 3 and sensing.4, 5 The 
manipulation of electromagnetic fields beyond the diffraction limit is also critical for 
emerging technologies such as optical circuitry,6, 7 metamaterials,8, 9 and heightened 
lithography capabilities.10, 11  
Two promising ways of manipulating light-matter interactions at the nanoscale are through 
the use of noble metal plasmonic nanostructures and semiconductor nanoparticles 
(quantum dots). Plasmonic nanostructures possess size-, shape-, and environmentally-
controlled optical absorption and scattering spectra that enable a wide range of tunability, 
and they are able to confine light below the diffraction limit into nanometer-sized regimes. 
Quantum dots possess size-dependent emissive properties due to the quantum confinement 
of excitons and can be additionally distinguished by their broadband absorption, narrow 






1.1 Plasmonic Nanostructures 
 Introduction to plasmonic nanostructures 
Plasmonic nanostructures refer to nanostructures typically composed of noble metals such 
as gold or silver that allow for the fine control and manipulation of a structure’s 
electromagnetic fields due to interactions between incident light and free electrons in the 
material. For instance, light can be confined and guided using plasmonic materials into 
spatial regimes much smaller than the wavelength of light.3 Depending on the size and 
shape of the nanostructure, incident light can produce either localized surface plasmon 
resonances (LSPRs) or surface plasmon polaritons (SPPs) (Figure 1.1).12 Currently, a wide 
range of nanostructure shapes such as spheres, wires, cubes, rods, prisms, and disks with 
high yields can be synthesized for various applications. The shape and size of the 
nanoparticles largely determine their spectral shapes and locations, although most 
nanoparticle extinction spectra are confined to the visible-near infrared (IR) wavelength 
range. The size of the nanostructure also impacts the relative intensities of their extinction 
Figure 1.1: (a) Nanostructures smaller than the wavelength of incident light result in 
LSPRs. (b) Nanostructures with a dimension larger the wavelength of exciting light result 
in SPP propagation. Reproduced from ref. 12. 
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components, absorption and scattering, and affects whether their electric fields are local or 
propagating in nature. Apart from their spectral extinction spectra, plasmonic 
nanostructures are often employed for their regions of high electric field enhancement, 
which will be discussed later in further detail.  
The incorporation of plasmonic active materials in devices provides a way to tune the light-
matter interactions of materials. Numerous applications for such materials have already 
arisen, such as spectrum filters13-16, chemical and biological sensors17-20, superlenses21, 
photonic circuitry,7, 22 and increased absorption in solar cells,1, 23 and there is still a 
continued and growing demand to develop novel plasmonic structures and metamaterials 
that give rise to unique properties.24  
 Plasmonic nanostructure synthesis 
The precise control over nanoparticle shape and size has progressed very rapidly and been 
largely successful. These approaches include bottom-up colloidal synthesis and top-down 
lithographic techniques that have been able to offer low shape and size polydispersities.25-
27 One-pot and seed-mediated bottom-up synthesis methods are the most commonly used 
techniques and will be briefly discussed, followed by an examination of several available 
lithographic and template approaches.    
One-pot synthesis 
One-pot synthesis entails a single-step, single-reaction process and remains widely used 
due to its simplicity and reproducibility. Reducing agents are used in solution to reduce 
metal ion precursors into atoms and subsequent nanoparticles, which are often further 
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controlled by the presence of stabilizing agents. For instance, 10-20 nm diameter gold 
nanoparticles can be created with the popular Turkevich method, first introduced in 1951, 
by using HAuCl4 as a precursor and sodium citrate as both a reducing and a stabilizing 
agent in boiling water.28 Larger nanoparticles ranging from 20 to 120 nm were created as 
well by Frens in 1973 by tailoring the sodium citrate:Au ratio, although this historically 
led to larger polydispersity as well.29 Recently, more monodisperse gold nanoparticles 20-
40 nm in size have been created using modified Turkevich-Frens methods with different 
salts, reaction temperatures, and solution pHs.30, 31 
One-pot synthesis methods can also be used for shape control over the resultant 
nanoparticles provided appropriate capping agents are used. In the polyol process for 
instance, AgNO3 can be reduced by ethylene glycol, which acts as both a reducing agent 
and a solvent, to form sphere-like nanoparticles.32 In the presence of  a poly(vinyl 
pyrrolidone) (PVP) capping agent however, nanoparticles can be precipitated as wires due 
to the selective binding of PVP to Ag {100} facets.33 Increasing the concentration of 
AgNO3 while maintaining the same molar ratio of PVP:AgNO3 instead can be used to 
produce nanocubes, demonstrating the versatility of this process.34 By controlling reactant 
concentrations and introducing trace coordination ligands such a Cl- and Br- ions,  the 
polyol process can also be used to form a variety of other nanostructures such as right 
bipyramids, beams, and triangular plates(Figure 1.2).12 Lastly, asymmetric nanoparticles 
can also be produced using one-pot synthesis techniques with multiple reducing agents. In 
a recent example, AgNO3 was simultaneously reduced with ascorbic acid (AA) and NaBH4 
in the presence of a PVP capping agent.35 The two resultant rates of reduction created 
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asymmetric nanoparticle seeds with stacking faults, which further developed into silver 
nanodisks, although the resultant nanoparticles were up to 25% polydisperse in nature.  
Despite the growing number of nanoparticles that can be synthesized using one-pot 
methods, there are some nanoparticle material and shape combinations, such as gold 
nanorods (AuNRs), that cannot be produced in this facile manner.36-38 Another factor that 
Figure 1.2: (a) The polyol process for the synthesis of Ag nanostructures. Initial reactant 
concentrations determine the dominant seed type which can ultimately develop into a 
variety of nanostructures (b)-(i) Different Ag nanostructures produced by the polyol 
process. Reproduced from ref. 12. 
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often limits one-pot methods is the inherent combination of the nucleation and growth 
processes, which can hinder monodispersity and shape selection.39 
Seed-mediated synthesis 
Seed-mediated synthesis methods are frequently used to overcome the inherent drawbacks 
of one-pot synthesis methods. In these methods, the generation of nanoparticle seeds and 
the subsequent growth of them are decoupled from one another, allowing finer control over 
each process. The seed morphology and symmetries, as mentioned previously with the 
formation of silver nanodisks, largely dictate what resultant nanoparticles can be produced. 
After seed formation, growth can be initiated in a controllable manner in growth solutions 
using mild reducing agents that cannot induce spontaneous nucleation of the precursor 
agents.40 
One of the most familiar seed-mediated synthesized nanoparticles are AuNRs.41, 42 For 
these nanoparticles, one method entails that Au seeds approximately 1-2 nm are first 
prepared by the reduction of HAuCl4 using NaBH4 in the presence of 
cetyltrimethylammonium bromide (CTAB).42 Seeds can then be added to growth solutions 
containing AA, AgNO3, NaBH4, and CTAB to produce nanorods with aspect ratios up to 
4.7. Rods with larger aspect ratios up to 10 can be produced using a surfactant mixture of 
CTAB and benzyldimethylhexadecylammonium chloride (BDAC) and by aging the 
nanorod solution for up to 7 days. Different nanoparticle shapes such as hexagonal prisms, 
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nanocubes, and triangular prisms can also be produced simply by varying the AA and seed 
concentrations (Figure 1.3).43 
Lithographic techniques 
Although remarkable progress has been achieved in synthesized a wide variety of 
nanostructures using colloidal techniques, the subsequent directed placement of these 
nanoparticles on substrates remains a challenge. For applications that require precise 
nanostructure placement, top-down lithographic approaches such as electron beam 
lithography (EBL) or focused ion beam (FIB) milling may be used instead.  
In EBL, an electron beam is used to expose selected areas of a polymer resist layer. 
Exposed areas may be negative and resistant to subsequent development solvent, such as 
hydrogen silsequioxane (HSQ), or positive and decomposed with the development solvent 
Figure 1.3: Au nanoparticles synthesized using seed-mediated techniques. AA increases 
from (a) to (c), and seed concentration increases from (c) to (d). Reproduced from ref. 43. 
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as in the case of poly(methyl methacrylate) (PMMA).44, 45 After development, the polymer 
pattern can be used as a mask for metal deposition or etching and can be subsequently 
removed (Figure 1.4a). Such techniques have been used to create highly ordered 
nanoparticle arrays with sub-10 nm resolution, as Duan et al. demonstrated using HSQ 
(Figure 1.4b).46 
Figure 1.4: (a) The EBL process for creating nanostructures using either a positive or 
negative resist. (b) Different Au nanostructures fabricated with sub-10 nm gaps using an 
HSQ negative resist. Reproduced from ref. 46. (c) FIB “sketch and peel” process for fast 
nanostructure milling. Reproduced from ref. 50. 
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FIB can be used instead to directly mill nanostructures from metallic films using ion beams 
at resolutions typically down to 10-15 nm.47-49 Such a process can be used for the creation 
of “negative” nanoholes with various shapes or “positive” nanostructures albeit with longer 
processing times due to the larger amount of material needed to be removed. Recently 
however, Chen et al. dramatically improved the throughput of FIB-milled positive 
nanostructures in a “sketch and peel” process by first tracing their outlines into the silicon 
substrate.50 Sputtered Si atoms were then redeposited on the nanostructure walls and 
prevented their lift-off after common scotch tape was used to peel the film (Figure 1.4c).   
 Assembly strategies 
Apart from the effects of the shape and size of plasmonic nanoparticles, the local assembly 
of them has a significant impact on their resultant optical properties. Therefore, controlling 
their assembly and orientation on substrates is critically important when using colloidally 
synthesized nanoparticles. Many methods can be used to generate 1D or 2D nanoparticle 
arrays or to facilitate the local assembly of nanoparticles into dimers, satellite structures, 
and other hierarchical assemblies, and several will be discussed here; additionally, a 
number of excellent reviews exist that cover this topic more comprehensively.51-53 
Ligand-directed assembly 
Functionalizing nanoparticle surfaces with assembly-directing ligands has proven largely 
successful at creating both large-scale, organized arrays as well as local assemblies of 
nanoparticles. For instance, Gao et al. assembled Ag nanocubes into oriented 1D chains by 
grafting nanocubes with thiol-terminated PVP or polyethylene glycol (PEG) chains.54 Due 
to the hydrophilic nature of the polymer ligands, the nanocubes phase-segregate when 
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introduced into a hydrophobic polymer matrix. The organization of the nanoparticles 
within the chains could also be controlled; by tailoring the ligand length (2.0-5.7 nm), edge-
to-edge or face-to-face orientations of the nanocubes within the chains are preferred 
(Figure 1.5a, b). 
Nanoparticle clusters or core-satellite heterostructures composed of different types of 
nanoparticles can also be created using strategic ligand functionalization. In a type of 
functionalization useful for many sensing strategies, nanoparticles can be functionalized 
with single-strand DNA to form dimers or aggregates with complementary strand-
functionalized nanoparticles.55, 56 This technique has proven to be useful for even single 
base pair mismatch specificity.55 This concept can be extended with “DNA origami,” 
where DNA complementary strands are rationally chosen to form complex patterns, to 
form nanoparticle assemblies such as chains, chiral tubes, and planet-satellite clusters.57-60 
Figure 1.5: Ag nanocubes oriented (a) edge-to-edge with grafted PVP chains and (b) face-
to-face with grafted PEG chains. Scale bars are 1 µm and inset scale bars are 100 nm. 
Reproduced from ref. 54. (c) Planet-satellite clusters composed of different size Au 
nanoparticles. The number of satellites is controlled by adjusting the satellite:core ratio in 
solution. Reproduced from ref. 61. 
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Planet-satellite clusters can also be formed by linker molecules that bind different types of 
nanoparticles together. In one example, Gandra et al. functionalized core Au nanoparticles 
with p-aminothiophenol (p-ATP) that were able to use the binding affinity of the 
terminating amine to capture smaller satellite Au nanoparticles (Figure 1.5c).61 The 
number of satellite nanoparticles was also controllable by varying the satellite:core ratio in 
solution. 
Langmuir Blodgett deposition 
The Langmuir Blodgett (LB) technique is commonly used to create nanoparticle 
monolayers on substrates in a controllable manner in comparison to common deposition 
techniques such as spin-coating and spray-coating that result in aggregation.62 First, a 
nanoparticle solution is dispersed on a water subphase layer using a volatile solvent such 
as chloroform which quickly evaporates. Substrates are then raised or lowered through the 
nanoparticle layer and subsequently lift off a uniform monolayer of nanoparticles. By 
controlling the surface pressure of the nanoparticle layer on the water subphase, the density 
of nanoparticles on the surface can also be increased or decreased. For instance. Tao et al. 
demonstrated the dependence of the monolayer color before deposition and the monolayer 
morphology after deposition on the film’s surface pressure at the trough surface (Figure 
1.6a-c).63 At low surface pressures, the nanoparticles adopt an ordered hexagonal lattice 
organization due to hard sphere-like interactions. As the surface pressure is increased, 
close-packed nanoparticle islands begin to nucleate, and further compression results in a 
close-packed film. In a combinatorial approach involving both ligand functionalization as 
well as LB deposition, Mahmoud synthesized large-area 2D arrays of PEG-functionalized 
Ag nanocubes (Figure 1.6d, e).64 Ag nanocubes closely packed with one another due to 
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the affinity of PEG with itself, although large voids were present due to free CTAB/PEG 
micelles. Shorter chain PEG (2,000 Mw) promoted high nanoparticle alignment, small 
cube-to-cube distances of 4.1 nm, and cracking in the assembly (Figure 1.6d). In 
comparison, longer chain PEG (6,000 Mw) resulted in less alignment, larger cube-to-cube 
distances of 6.4 nm, and less cracking (Figure 1.6e). 
 
 
Figure 1.6: LB monolayers of Ag nanoparticles deposited at (a) 0, (b) 1, and (c) 14 mN/m. 
Insets depict the monolayers while on the LB subphase. Reproduced from ref. 63. Ag 
nanocube monolayers with grafted PEG of (d) 2,000 Mw and (e) 6,000 Mw. Scale bars are 




Lastly, nanoparticle assembly can be accomplished using different templating techniques, 
although such methods may involve pre-deposition lithographic steps for template 
fabrication. One popular method is to draw nanoparticle solutions over hard recess 
templates, resulting in nanoparticle clusters in the recesses.65-67 The cluster sizes and 
distributions can be tailored my modifying the recess shape and size. In one example, 
Henzie et a. assembled Ag octahedra inside circular holes, with the cluster size being 
correlated with the hole size (Figure 1.7a). In a novel templated assembly method that did 
not required lithographic techniques, Hanske et al.  employed wrinkled elastomer stamps 
that were created by simple plasma oxidation of a stretched polydimethylsiloxane (PDMS) 
layer (Figure 1.7b).68 After plasma oxidation, the PDMS layer was relaxed and buckled 
into wrinkles due to the mechanical mismatch between the oxidized PDMS and the 
unmodified PDMS. The wrinkle width and periodicity could also be tuned by simply 
adjusting the preset strain and the plasma dose. Au nanoparticles then spin-cast onto the 
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PDMS layers naturally collected in the wrinkles and could be easily stamped onto other 
substrates, resulting in highly organized lines of nanoparticles (Figure 1.7c). 
 Localized surface plasmon resonances 
LSPRs arise when light interacts with small metallic nanoparticles with dimensions smaller 
than the wavelength of incident light (R/λ<0.1).4 The light causes the coherent oscillation 
of the free electrons in a particle, leading to an accumulation of polarization charges on the 
Figure 1.7: (a) Ag octahedra assembled inside templated circular holes. Scale bar is 500 
nm. Reproduced from ref. 67. (b) Fabrication of wrinkled PDMS stamps and subsequent 
Au nanoparticle deposition. (c) Resulting nanoparticle assemblies after stamping onto 
quartz substrates. Reproduced from ref. 68. 
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nanoparticle surface. For the simple case of a metallic nanosphere, Mie’s solution of 
Maxwell’s equations can be used to obtain a particle’s extinction cross-section (Cext):69, 70 





where R is the radius of the nanoparticle, εd is the relative dielectric constant of the medium, 
  is the real part of the dielectric constant of the metal, and   is the imaginary part. This 
cross-section can be further classified into absorption and scattering cross-sections, where 
Cext=Cabs+Cscat. Scattering scales with R6 while absorption scales with R3, meaning that 
large particles (>50 nm) predominantly scatter light while small particles (<50 nm) 
predominantly absorb light.71, 72 From Equation 1, it can be seen that large values of Cext 
are only possible when   is close to -2 and   is small. A quality factor 
  =  ⁄ 	  (2) 
therefore exists that is dependent on wavelength and the dielectric properties of different 
metals (Figure 1.8).12, 73 Based on the quality factor of different metals, it is apparent that 
silver and gold can be most readily used over the visible-NIR regime, although copper can 
be used above 650 nm.74-76 Besides their nanoparticle constituent materials, LSPRs are also 
extremely sensitive to other factors such as their size, shape, the surrounding medium, and 
the proximity of other metallic surfaces or particles.72, 77-83 
As mentioned previously, size has a significant impact on the extinction properties of a 
nanoparticle and whether it is predominantly absorbing or scattering. It should be noted as 
well that the overall extinction will increase with an increase in size due to scaling with the 
volume of the nanoparticle (Cext ∝	R3).84 The size of the nanoparticle also influences its 
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LSPR peak wavelength, with an increase in size generally corresponding with a redshift of 
the LSPR peak wavelength. For instance, an Au sphere increasing from 10 nm to 100 nm 
in diameter will approximately redshift 47 nm.85 Similarly, silver nanodisks exhibit a 158 
nm redshift with a size increase from 26 to 47 nm.35 Larger nanoparticles also exhibit 
broader LSPR peaks due to radiative damping of their dipole oscillations.86 Finally, large 
nanoparticles may even exhibit new peaks. For instance, Ag nanocubes typically exhibit a 
large dipolar peak and a smaller quadrupole one, but peak splitting can be induced in the 
dipole peak as the nanocube size is increased, which can be attributed to the separation of 
the absorption and scattering spectra from one another as the size is increased.87, 88 Larger 
nanoparticles also exhibit broader LSPR peaks due to radiative damping of their dipole 
oscillations and higher order multimodes can arise as the particle size is increased as well 
due to more possible surface charge distributions.86 With these combined effects, the Ag 
Figure 1.8: Quality factor (Q) for a metal-air interface, with higher numbers denoting 
stronger plasmonic resonances. Reproduced from ref. 12. 
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nanocube peak can be seen to significantly broaden as the size is increased from 36 to 172 
nm (Figure 1.9a).89 
The shape of the nanoparticle has the largest influence on the nanoparticle LSPR 
resonances, and therefore the controlled synthesis of differently shaped nanoparticles has 
been of the utmost interest for the past decades. Silver nanoparticles of various shapes and 
sizes display plasmonic resonances that span the entire wavelength range of 320-1100 
nm.12 For instance, Ag spheres, pentagonal particles, and triangular prisms of roughly the 
same size are seen to display respective LSPRs in the blue, green, and red wavelength 
regions (Figure 1.9b).90, 91 The rounding of nanoparticle edges and corners can have a 
drastic influence on LSPR spectra despite the relatively low change in shape. In general, 
rounding removes regions of high charge density that can collect on sharp facets from the 
so-called “lightning rod effect” and results in an LSPR blueshift and the reduction of higher 
order modes. For example, Ag nanocubes with no edge rounding exhibit 6 plasmon modes 
due to the high polarizability of the sharp edges, while a rounding of 17% results in only 3 
plasmon modes.92 In another example, the dipole peak of 100 nm triangular Ag prisms 
blueshifts from 770 to 670 nm by truncating the tips by 12 nm on each side.93 Also, when 
a particle becomes non-symmetric in nature (i.e. nanorods), it exhibits a longitudinal mode 
and a transverse mode.77, 87, 94, 95 The intensity and spectral position of these resonances 
depend on the aspect ratio of the particle; when a particle’s aspect ratio is increased, the 
longitudinal mode will redshift while the transverse mode remains at the same spectral 
position, as seen in the case of Ag nanobars (Figure 1.9c).39, 77 
Another important consideration for nanoparticle plasmonic phenomena is the effect of the 
surrounding environment. Generally, an increase of the refractive index of the environment 
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has the effect of redshifting the plasmon peak wavelength, with the shift magnitude being 
determined by the nanoparticle’s refractive index sensitivity (RIS). For a homogeneous 
environment, the RIS can be determined by: 
 Δ"#$%
 = &'( (3) 
where Δ"#$%
 is the change in the LSPR peak wavelength, m is the RIS, and '( is the 
change in the refractive index of the environment.  
 In a recent example, Shen et al. fabricated gold mushroom arrays that demonstrated a high 
RIS of 1,015 nm/RIU due to their high surface area contact with the environment as 
opposed to nanoparticles resting on a substrate. (Figure 1.9d).96 If the environmental 
refractive index is altered in a more localized manner, such as in the case of polymer shells 
around nanoparticles, the LSPR peak wavelength change can instead be calculated by:70 
 Δ"#$%
 = &Δ( )1 − exp /01 23 (4) 
where Δ( is the refractive index change between the shell and the environment, d is the 
thickness of the shell, and ld is the intrinsic electric field decay length of the nanoparticle. 
Nanoparticle LSPRs are also very sensitive to other structures such as substrates, metallic 
films, or the presence of other nanoparticles. Introducing a substrate to the nanoparticle 
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environment can result in various interactions. First, in a manner analogous to that of an 
increasing refractive index environment, substrates typically are a higher refractive index 
than the medium and will redshift the nanoparticle dipolar LSPR.97 In a constant dielectric 
environment, small particles interact with light primarily through their dipole modes. The 
introduction of a substrate causes a coupling between the bright dipolar and the dark 
Figure 1.9: (a) The extinction spectra of Ag nanocubes as their size is increased. The insets 
from left to right correspond respectively with the pink, green, and orange spectra. 
Reproduced from ref. 89. (b) The extinction spectra of Ag nanospheres, pentagons, and 
triangular prisms of approximately the same size. Reproduced from ref. 90. (c) The 
longitudinal LSPR of Ag nanobars redshifts as their aspect ratio is increased. Reproduced 
from ref. 39. (d). The extinction spectra of a gold mushroom array as a function of the 
environment refractive index. Reproduced from ref. 96.  
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quadrupolar modes of a particle due to the charge “images” in the substrate, potentially 
leading to a significant peak splitting effect (Figure 1.10a).98 These peaks can be classified 
as bonding modes that display symmetric field intensities and anti-bonding modes that are 
asymmetric in nature. Fano resonances may also occur when dark quadrupolar and bright 
dipolar mode significantly overlap. In these cases, the hybridized peak is asymmetric and 
displays a narrower bandwidth that has a high figure of merit for applications such as 
colormetric chemical sensing.98 
If the substrate is dielectric in nature as discussed previously, the particle’s image charges 
are screened by a factor of  − 1  + 1⁄  and the degeneracy between different plasmon 
modes is lifted.99, 100 When the substrate is instead metallic and exhibits plasmon modes, 
the image charges are much stronger, and hybridization also occurs with the surface 
plasmons of the substrate which will be discussed later in further detail.101 The image 
charge coupling will always result in a redshifted peak, while SP hybridization can result 
in either a redshift or blueshift depending on the respective energy levels of the LSPR and 
the surface plasmon.101 This shift is also highly dependent on the distance between the 
nanoparticle and the metallic film. For instance a silver nanosphere separated from a gold 
film by a dielectric spacer displays an LSPR that blueshifts with an increasing spacer layer 
thickness (Figure 1.10b).102  
Lastly, the presence of other plasmonic nanostructures has a significant impact on the 
resultant LSPR and the local electric field distribution. When one or more nanoparticles 
are close to one another, their plasmonic resonances will hybridize in a manner similar to 
that of a nanoparticle and a metallic film. This coupling interaction causes a redshift of the 
LSPR of a single particle, although the exact peak position is highly dependent on the 
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interparticle gap between particles.103 For example, Au nanodisks dimers with interparticle 
spacings between 2 and 212 nm demonstrate pronounced redshifts as the gap distance is 
decreased (Figure 1.10c).104 In fact, the LSPR shift can be universally fitted using the 
plasmon ruler equation: 
 
5
6 = 7exp /
08 9⁄ 
: 2 (5) 
 where ∆λ/λ0 is the fractional plasmon shift, s is the interparticle edge-to-edge separation 
distance, D is the nanoparticle diameter, and A and B are constants.104 It should be noted 
that this equation specifically applies for nanoparticle dimers. In practice, nanoparticle 
coupling is often seen for nanoparticle aggregates instead, which display much broader and 
redshifted LSPRS due to the existence of multiple coupling modes; additionally, such 
coupling is usually unpredictable. LSPR coupling can extend to distances as large as ~2.5 
times the particle diameter.105 However, small gaps are often more desirable for the 
formation of “hot spots” between the particles. While nanoparticles possess regions of 
localized enhanced electromagnetic fields at their tips or edges, hot spots contain field 
intensities that are orders of magnitude stronger than those of single particles.106-108 Highest 
enhancements are found for LSPRs confined to extremely small spatial regions, such as a 







 Surface plasmon polaritons 
Surface plasmons (SPs) are coherent free electron oscillations that exist at any interface 
where the real part of the dielectric function changes signs, such as a metal-dielectric 
interface. These charge oscillations also create electromagnetic fields in the vicinity of the 
surface; the combination of these two effects, the charge motion and the associated 
electromagnetic fields, is what has been termed a SPP. SPs were first predicted by Ritchie 
in 1957 when he noticed energy losses in very thin gold foils upon bombardment with fast 
Figure 1.10: (a) Peak splitting of an Ag nanocube LSPR into bonding (I) and anti-bonding 
(II) modes due to the introduction of a substrate. Electric field distributions of the I and II 
modes are also shown. Reproduced from ref. 98. (b) Optical scattering spectra for silver 
nanoparticles separated from a gold film by a silica spacer layer of varying thickness. 
Reproduced from ref. 102. (c) An Au nanodisk dimer displays a varied LSPR peak position 
depending on the interparticle gap distance. Reproduced from ref. 104. (d) The 
enhancement factor distribution in an Au nanosphere dimer hot spot with a 2 nm gap. 
Reproduced from ref. 70.  
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electrons.110 Since then, researchers have discovered and manipulated the coupling of 
incident photons with SPs. By solving Maxwell’s equations with the appropriate boundary 
conditions, one can find this SP dispersion relationship to be:111 
 ;$% = ;<=  (6) 
The SP wavenumber, kSP, is dependent on the free-space wavenumber (k0=ω/c) and the 
permittivities of the metal, εm, and the dielectric, εd. Based on the equation above, the 
momentum of the SP mode is greater than that of a photon’s with the same frequency in 
air, meaning that light cannot ordinarily excite or couple to the SP. One way to resolve this 
mismatch is to employ a prism (Figure 1.11a).112, 113 The wave number of incident light 
passing through a prism increases to a wavenumber of kn for n>1. If this light wave 
undergoes total internal reflection (TIR) on the inner surface of the prism, it will produce 
an evanescent wave outside of the prism with a momentum greater than ko which can 
couple to SPs (Figure 1.11b).114 Another way to resolve the mismatch in momentum is to 
provide local defects, such as holes or bumps.115, 116 Lastly, a grating may be used to excite 
SPPS as they provide a momentum increase of 2π/Λ to the horizontal component of the 
wave vector (Figure 1.11c).117 This leads to a resonance wavelength at:  
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where ao is the period of the grating, ε1 is the dielectric constant of the medium, ε2 is that 
of the metal, and m is a constant.118, 119 
Once light couples to SPPs, several interesting properties arise. Perpendicular to the 
surface, the field decays exponentially and is near-field in character due to the bound nature 
of the free electrons in the metal. Instead, SPPs will propagate along the surface until 
absorbed by the metal. This propagation length, δSP, can be on the order of hundreds of 
microns and is governed by the equation:120 
Figure 1.11: (a) The coupling of incident light to surface plasmons via the Kretschmann 
prism configuration. (b) The SPP dispersion line (blue) compared to the light lines in air 
(solid red) and using a prism (dotted red). (c) The coupling of light to surface plasmons via 
a grating with a period of Λ. Reproduced from ref. 114. 
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where the imaginary component of the wavenumber, ;$% , is a function of the real and 
imaginary parts of the dielectric function of the metal ( =  + G ). While analytical 
solutions to simple geometries such as spheres or films do exist, the light-matter 
interactions of more complex devices or assemblies can best be ascertained by numerical 
simulation techniques. 
 Finite-difference time-domain modeling 
Surface plasmons are well described by macroscopic electromagnetic theories, such as 
Maxwell’s equations, if the electron mean free path in the metal is shorter than the plasmon 
wavelength.121 This condition is usually met at optical frequencies, meaning plasmonic 
resonances of metals can be readily identified and modeled by several simulation 
techniques. Of these different methods, finite-difference time-domain (FDTD) modeling 
has proven to be one of the more robust and accurate methods for the modeling of SPs.122 
FDTD can be used to design, optimize, and characterize a wide array of interactions 
relevant to numerous light-matter applications. Simulations can provide insights into LSPR 
peak locations, electric field distributions as seen in Figure 1.10, separation of absorption 
and scattering spectra, and surface charge maps for the assignment of dipolar or higher 
order modes. For instance, Kodiyath et al. determined the surface charge modes of a 
rounded nanocube in this fashion (Figure 1.12a).123 
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As known, FDTD modeling works off of the principle of solving Maxwell’s differential 
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where H, E, and D refer to the magnetic, electric, and displacement fields and εr(ω) is the 
complex dielectric constant.124 Any time-dependent change in a local electric field is 
dependent upon the derivative of the magnetic field with respect to space (the magnetic 
curl). Conversely, the time derivative of the magnetic field is dependent upon the curl of 
the electric fields. By repeatedly alternating these two calculations for a meshed area, one 
can calculate the stepwise progression of electromagnetic waves. Because calculating the 
curl in multiple dimensions becomes difficult when simultaneously solving for the H- and 
E-fields, Yee proposed a cell with staggered H- and E-field vector components; this “Yee” 
cell eliminates the need for solving simultaneous equations but does require an upper bound 
on the number of time-steps (Figure 1.12b).125, 126 
Materials in FDTD simulations are modeled by assigning complex permittivy values to the 
cells specified. Tradiontal models such as Drude, Debye, or Lorentz materials can be used 
to simulate dispersive materials that display differences in permittivity over a wavelength 
range.124, 127 More recently, multi-coefficient models (MCMs) have been proposed as an 
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alternative to the traditional ideal models.124 MCMs rely on a set of basic functions to 
describe any dispersive material; this characteristic allows better fits for materials that do 
not fall under a traditional model category as well as the ability to adapt to “real” materials 
that contain defects or impurities as well as nonlinear and gain materials. 
FDTD has the advantages of being a versatile modeling technique for several types of 
materials including gain128, nonlinear128, 129, and dispersive130 materials as well as being 
able to use broadband pulses for individual simulations. However, very large 
computational domains are needed for small mesh sizes (less than a few nanometers). The 
necessary finite domain of the modeled area also necessitates artificial boundaries at the 
Figure 1.12: (a) The surface charge modes and extinction spectra of a rounded Ag 
nanocube. Reproduced from ref. 123. (b) A standard Yee cell, with electric field vectors 
on the cell edges and magnetic field vectors on the cell faces. Materials are mapped into 
Yee cell spaces by assigning permittivity values to each electric field vector and 
permeability values to each magnetic field vector. Reproduced from ref. 126. 
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edges that absorb incoming light. These perfectly matched layers (PMLs) do not reflect 
light for normal incidence but may cause errors for larger angles of incidence.131 
 Plasmonic nanostructure applications 
Biosensors 
As mentioned previously, plasmonic nanoparticles possess unique optical properties that 
are extremely responsive to their local environment. Plasmonic nanostructures exhibit 
changes in their peak wavelength with a change in the refractive index or with coupling to 
nearby nanostructures. These properties can be exploited with rationally designed systems 
for the optical detection of analytes and biomolecules at very low concentrations. 
Surface plasmon resonance (SPR) biosensing, having been first established in the 1990s, 
has already proven to be a versatile and useful technique for biosensing approaches.132 
Typically, an SPP is formed between a gold film and the sensing medium at a specific 
incident angle by employing a prism in the Kretschmann configuration.133 A change in 
refractive index of the sensing medium leads to a change in the incident light angle in order 
to excite the plasmon with the same wavelength. By adsorbing biomolecules directly on 
the gold surface, or more commonly, by functionalizing the gold surface with biomolecule 
recognition units, one can detect the capture of biomolecules solely by the refractive index 
change the adsorption causes (Figure 1.13a). Using this principle, an SPR sensor may 
achieve refractive index sensitivities (RIUs) as high as 2*10-6.134 
While SPR biosensing has been successfully commercialized and is a relatively mature 
field, LSPR biosensing remains less investigated and has few commercial products. 
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Although SPR has roughly a 2*106 nm/RIU sensitivity while LSPR sensing has one of 
2*102 nm/RIU, the two techniques result in roughly the same detection limit after their 
sensing volumes are taken into account.135 The SPP evanescent field used in SPR can have 
a sensing volume that extends hundreds of nanometers from the surface while an LSPR’s 
field extends only tens of nanometers. Recently, pathogenic bacterial DNA was also 
detected at a very low concentration of 2.45 fM by using RNA-functionalized AuNPs.136 
Upon exposure to the target DNA and exposure to NaCl, the RNA was cleaved and allowed 
the AuNPs to aggregate together (Figure 1.13b).  
 Plasmonic nanoparticles are also highly sensitive to the local refractive index, which can 
be exploited for biosensing applications. One of the main advantages to this method as 
opposed to using coupling interactions is that biomolecules can be detected label free. For 
instance, the binding of label free streptavidin to biotin-functionalized silver nanotriangles 





Surface-enhanced Raman scattering detection 
Surface-enhanced Raman scattering (SERS) makes use of the localized enhanced 
electromagnetic fields around plasmonic nanoparticles and surfaces to improve the Raman 
scattering signature of molecules excited under laser illumination. The near field intensity, 
|E|2, of the light determines the strength of a molecule’s induced dipole.  However, the near 
field intensity can also enhance the emission of a molecule’s dipole, meaning that for small 
Figure 1.13: (a) A conventional Kretschmann SPR configuration with a functionalized 
gold film for detecting analytes. Reproduced from ref. 133. (b) The aggregation of DNA-
functionalized gold nanoparticles for target DNA detection. Reproduced from ref. 136. 
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Stokes shifts, the enhancement factor approximately scales with |E|4.138 The strong, 
localized electromagnetic fields around plasmonic nanoparticles are therefore ideal for 
improving the Raman signature of molecules. This concept was first observed in 1974 on 
a roughened silver film but since then, SERS has been achieved primarily using closely-
packed plasmonic nanoparticles with interparticle hot spots that display large enhancement 
factors.139, 140 For example, Kodiyath et al. deposited a high density of silver nanocubes 
(AgNCs) into porous alumina membranes (PAMs) using polyelectrolyte-mediated 
infiltration as a means to achieve highly efficient and reusable SERS substrates (Figure 
1.14a,b).123 The high 3-dimensional hotspot cross-sections for the aggregated AgNCs also 
enabled a detection limit of 3 ppb for explosive binder n-methyl-4-nitroaniline (MNA).  
Another recent development in SERS platforms has been the incorporation of a slippery 
liquid-infused porous surface coined as SLIPSERS.141 This technique entails placing a 
liquid droplet concentrated with analyte and gold nanoparticles on the SLIP surface, which 
then forms a concentrated analyte/nanoparticle aggregate as the droplet evaporates. This is 
in contrast to other surfaces, which pin the receding water lines and lead to the coffee ring 
effect. Using this technique, S. Yang et al. were able to achieve Rhodamine 6G detection 
down to ~75 fM, and when combined with a SERS mapping technique, down to ~75 aM.  
Absorbers 
While less mature than the applications in sensor and SERS fields, plasmonic 
nanostructures are being progressively more used for the increased absorption of light in 
applications such as solar cells,142 hot-electron generation,143 thermal emitters,144 and 
thermophotovoltaic cells.145 Such absorbers are able to concentrate electromagnetic energy 
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to specific regions or films and more easily generate hot electrons that can be harvested. 
For instance, Zhou et al. recently reported on a broadband (200 nm to 10 µm) plasmonic 
absorber composed of gold nanoporous templates and gold nanospheres for steam 
generation (Figure 1.14c,d).146 The device was able to absorb approximately 99% of 
incident light, resulting in approximately a 90% conversion efficiency when covered with 
water and exposed to solar irradiation. The design also enabled the easy flow and collection 
of steam for subsequent use. 
Figure 1.14: (a) An AgNC-infiltrated PAM for SERS detection. (b) The SERS signal of 
MNA for the AgNC-infiltrated PAMs at various concentrations. Reproduced from ref. 123. 
(c) An absorber material composed of Au nanoparticles deposited into nanoporous 
templates. (d) The steam efficiency and evaporation rate of the absorber material. 
Reproduced from ref. 146. 
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1.2 Quantum dots 
 Introduction to quantum dots 
In contrast to plasmonic nanoparticles, quantum dots (QDs) are fluorescent particles 2-10 
nanometers in diameter that are typically composed of an inorganic semiconductor core 
and potentially a second semiconductor shell as well as passivating ligands.147-151 Their 
photoluminescent properties derive from the quantum confinement of their energy levels 
as the size shrinks below the exciton Bohr radius, resulting in discrete energy bandgaps of 
their electron-hole pairs when compared to bulk semiconductor materials that exhibit a 
continuous density of states.152 Similar to plasmonic nanostructures however, the energy 
of the QD’s bandgap is directly related to its size, meaning that the bandgap energy level 
can be adjusted by altering the size of a QD even while retaining the same material 
composition. Their strong absorption, tunable and narrow emission, and their stability have 
made them attractive components for many optical applications such as biological labels,153 
LEDs,154, 155 and solar cells,156 and they remain an active area of research. 
 QD synthesis 
In contrast to the many synthesis routes available for plasmonic nanostructures, QDs are 
prepared almost exclusively in a colloidal one-pot manner. Typically, organometallic 
liquid precursors are combined with trioctylphosphine (TOP) and tricotylphosphine oxide 
(TOPO) in high temperature (290-350 °C) solutions.157 Along with promoting uniform 
growth in solution, the TOP/TOPO liganize the QD surface and prevent aggregation after 
synthesis.158 Under these conditions, nucleation occurs rapidly followed by epitaxial 
growth until the reaction is quenched once the desired size is reached.159 Because the 
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uniformity and average QD size can be affected by a variety of parameters including 
temperature differences of less than 1 °C, size exclusion processes such as precipitation in 
butanol can be performed afterwards to promote monodispersity.160 Although the QD size 
directly affects its emission wavelength, the tunability is limited to dimensions below the 
core material’s excition Bohr radius. To cover the visible-NIR spectrum, a wide variety of 
QD core materials such as CdS, CdTe, ZnO, and InP among others have been successfully 
employed (Figure 1.15).161-166 
QDs were first created as simple core nanostructures composed entirely of a single 
semiconductor material.167 However, such nanostructures have lower quantum yields and 
are inherently unstable due to surface oxidative defects gradually accumulating in what are 
Figure 1.15: QD emission wavelength as a function of QD diameter and core material. 




known as “traps.” More commonly now, a second semiconductor material possessing a 
larger bandgap is grown as a passivating shell around the initial core, resulting in improved 
stability and the reduction of trap sites.157, 159, 168 The most common and commercially 
available QD of this type have a CdSe core and a ZnS shell, as ZnS has a larger bandgap 
and a very similar lattice parameter to that of CdSe, resulting in lower interfacial strains.157 
Other improvements to QD synthesis involve the creation of multishells, “giant” shells, or 
graded shells for suppressed Auger recombination and suppressed re-absorption.169-173 
QD shells are typically passivated with organic TOP/TOPO ligands natively from 
synthesis. These ligands are not soluble in aqueous solutions, and other ligands may be 
preferential depending on the application. For instance, Malak et al. demonstrated how the 
ligand length can impact the QD packing behavior in films and consequently alter their 
optical gain from between 61 and 518 cm-1 despite the otherwise identical QD 
morphology.174 Ligand exchange procedures are therefore normally done to exchange the 
native TOP/TOPO for hydrophilic or alternate organic ligands. Commonly, bifunctional 
ligands with anchoring moieties such as thiols or amines can be directly exchanged with 
the more weakly bound TOP/TOPO.150, 175, 176 Other strategies involve the formation of 
silica shells around the QDs for further functionalization or the interdigitation of new 
ligands between the TOP/TOPO.177-179 
Lastly, one of the main drawbacks to QDs is their toxicity due to their heavy metal 
components such as Cd, Pb, or Hg. These materials restrict usage for in-vivo applications 
and consumer electronics, severely limiting their use in applications to date. In the past 
several years, increasing focus has been put on heavy metal-free QDs that circumvent this 
issue. For instance, non-toxic ZnCuInS core QDs have been fabricated in several studies 
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for LED applications with high quantum yields of ~50%.180, 181 Additionally, Cd-free 
CuInS2/ZnS QDs have been demonstrated to have a 10-fold lower toxicity than a 
CdTeSe/CdZnS analogue in vivo.182 
 QD optical properties 
A QD’s emission is also, as mentioned, dictated by its size. Below the Bohr exciton radius, 
semiconductors exhibit discrete energy bands instead of a continuous wavefunction. 
Higher confinement (smaller QDs) leads to an increase in the band gap and consequently 
a blueshifted emission (Figure 1.16a).147, 151, 183, 184 The exciton radius is dependent on the 
QD material but is generally limited to 2-10 nm, leading to the wide range of QD materials 
needed to cover the visible spectrum as seen in Figure 1.15.185, 186 Along with the narrow 
emission band, the semiconductor quantum confinement results in a broad absorption band 
that gradually increases towards the UV and consequently large effective Stokes shifts 
greater than 100 nm (Figure 1.16b).152 
Figure 1.16: (a) The bandgap structure of QDs as a function of size. Reproduced from ref. 
184. (b) Typical absorption and PL spectra for a QD film. Reproduced from ref. 174. 
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As mentioned previously, the optical properties of QDs are also highly on their constituent 
materials as well as their size. Apart from partially determining emission and absorption 
characteristics, the QD materials can be used to classify them into three different types 
depending on where the exciton is confined: type-I, type-II, and quasi type-II.187 Type-I 
QDs possess electron and hole energy levels that results in the exciton being confined to 
the QD core. These type of QDs, such as the prevalent CdSe/ZnS core/shell QDs) are often 
used in optical emission applications, as the shell can serve to both confine the exciton and 
to prevent environmental degradation of the core. 
 Type-II QDs confine the excited electrons and holes in different regions of the QD; for 
instance, excited electrons may be confined to the shell while excited holes are present in 
the core. Type-II QDs allow access to emission wavelengths not achievable with a single 
material  by tuning of both the QD core diameter and the shell thickness, and the inherent 
separation of charges makes these QDs more desirable for photovoltaics or 
photoconductive applications.188 Lastly, quasi type-II QDs have either a hole or electron 
wavefunction delocalized over the entire QD. Quasi type-II QDs are ideal for delivering 
multiple electrons to catalysts or redox mediators due to their long multiexciton lifetimes 
and their slow recombination rates.189 
Apart from radiative emission, QD excitons can decay through a number of intrinsic non-
radiative pathways such as Auger recombination and trap states. Auger recombination 
occurs when an exciton transfers its energy to a third carrier (electron or hole), thereby 
quenching the radiative recombination.190 Auger recombination has been shown to be more 
prevalent in smaller QDS due to an increase in electron-electron coupling over electron-
phonon coupling and is also largely influenced by the QD core/shell interface potential.191 
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Typical routes used to reduce Auger recombination include the alloying of the core/shell 
interface to reduce the interface potential, the use of larger QDs, and the utilization of type-
II or quasi type-II QDs that have a reduced overlap between the electron-hole 
wavefunctions.170, 192, 193 Trap states can refer to vacancies, lattice mismatches, dangling 
bonds, or adsorbates on the QD surface.151 These sites can trap excited holes or electrons 
in local energy minima states, thereby preventing their radiative recombination. While QD 
shells and ligands can help suppress trap formation and passivate the surface, lattice 
mismatch between the QD core and shell can cause stresses that result in defect sites after 
photorelaxation.194, 195 
Additionally, QD emission can also be heavily impacted, both negatively and positively, 
by the surrounding environment. In a well-known example, fluorescence resonance energy 
transfer (FRET) can occur between QDs and other fluorophores or dipoles.196, 197 FRET 
may lead to quenching if an excited QD serves as a donor to an acceptor fluorophore and 
transfers its energy through non-radiative dipole-dipole coupling. However, FRET 
enhancement of QD emission can also occur if a fluorophore’s emission is quenched by a 
QD’s absorption.  Since FRET is inversely proportional to the sixth power of the distance 
between the donor and acceptor, FRET interactions are typically limited to distances below 
10 nm.152, 198 
In the past decade, metal nanoparticles have also been shown to have a profound influence 
on QD emission. Small nanoparticles that primarily absorb light and exhibit strong 
localized electromagnetic fields can undergo FRET interactions with nearby QDs due to 
their own dipole interactions.198, 199 In this case, the LSPR peak of the metal nanoparticle 
must overlap with the QD absorption for FRET enhancement to occur (Figure 1.17a). 
39 
 
Nanoparticles may also affect QD fluorescence over larger distances of 10-50 nm if the 
plasmon peak overlaps the QD emission peak in what is known as the Purcell effect 
(Figure 1.17b).200 The Purcell effect occurs due to a resonant cavity interaction that 
modifies the local density of states (LDOS) of the fluorophore and can lead to either 
quenching if the nanoparticle is absorbing in nature or enhancement if the nanoparticle 
primarily scatters. Both FRET and Purcell interactions are highly dependent on optimizing 
interparticle distances and LSPR peak locations, as metal surfaces are generally known to 
quench fluorescence through electron-electron coupling.201, 202 
Lastly, QDs are prone to aggregation and uneven deposition depending on the relative 
strengths of the QD-QD and QD-substrate interactions.203 One way of circumventing this 
issue and promoting the formation of planar QD films is through the use of compatible 
polymer matrices.204-207 Additionally, such composite films promote further QD stability, 
tunable QD loading, and integration into many commercial deposition processes. Such 
film- or fiber-QD composites can also act as emissive waveguides while being pumped 
Figure 1.17: (a) The FRET enhancement of fluorophores with an overlap of the LSPR and 
the fluorophore absorption peak. (b) The Purcell enhancement of fluorophores with an 
overlap of the LSPR and the fluorophore emission peak. Reproduced from ref. 198. 
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from any direction due to high internal waveguiding of the generated light by the large 
effective refractive indices of such composites.208, 209 
 QD applications 
Biolabels and sensors 
As mentioned previously, QDs’ stability, easy functionalization, and small FWHM make 
them excellent candidates as photoluminescent tags. Many biosensing applications outside 
of in vitro and in vivo imaging involve FRET between QDs and attached biomolecules that 
impact their photoluminescence. In one early example of photoluminescence enhancement 
detection, Medintz et al. used QDs functionalized with a β-cyclodextrin dark quencher 
(Figure 1.18a).196 By adding maltose, the β-cyclodextrin was displaced, enabling the QDs 
to fluoresce and provide an easy detection scheme for the maltose biomolecule. FRET has 
also been accomplished using gold nanoparticles and graphene oxide as acceptors for 
detection of various biomolecules.210, 211 Lastly, organic fluorophores have been used as 
acceptors for QD donors to achieve FRET-based fluorescence. Algar and Krull 
demonstrated multiplexed detection of fluorophore labeled oligonucleotides using 
complementary QD-conjugated oligonucleotides in this manner.212 
LEDs 
The tunability, narrow emission peak, and stability of QDs are of great interest for lighting 
applications. Currently, QDs have already demonstrated commercial viability in television 
displays as back-light units to improve color contrast and increase power efficiency.213 
Additionally, QDs are compatible with many of the same low-cost processes used for 
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OLEDs today.214 While the emission of QD-LEDs can be accomplished using 
photoexcitation as described previously, QD layers are more commonly sandwiched 
between electron-transporting and hole-transporting layers.215-217 With an applied electric 
current, excitons are created in the QD layer and recombine for subsequent light emission 
(Figure 1.18b).  
1.3 Summary of critical issues and motivation 
As discussed above, much research has gone into synthesizing plasmonic noble metal 
nanoparticles and semiconducting QDs as well as deducing and analyzing their optical 
phenomena. However, many studies focus on single particles in solution instead of the 
mesoscale, substrate-bound arrays that are more suitable for certain applications. 
Understanding and guiding the assembly behavior of nanostructures in a large-scale, 
Figure 1.18: (a) A FRET-based QD biosensor for the detection of maltose. Reproduced 




bottom-up, and controllable manner has important ramifications for controlling resultant 
unique properties for emerging optical applications.  
For instance, work remains to be done on the assembly behavior of plasmonic 
nanostructures, especially when two or more nanostructures with different sizes or shapes 
are involved. Uncontrolled interactions between nanostructures can lead to random 
aggregation or destructive interference between plasmon modes while regulated plasmonic 
interactions can result in collective property enhancement. In particular, the large-scale 
assembly of anisotropic nanoparticles has not been fully developed or optimized. 
Furthermore, the effects of nanoparticle coupling on emergent optical properties often 
remain fundamental in nature and are not practically explored for application development. 
In addition, the use of polymeric components such as spacer layers or shells can enhance 
the optical properties of or introduce new functionalities to nanoparticle assemblies. 
However, plasmonic phenomena for hybrid organic-inorganic assemblies with polymer 
matrices and components are less understood when compared with the simple cases of 
isolated nanoparticles on substrates or in media. Additionally, selecting “complementary” 
functional polymer materials that can not only passively support nanostructures but can 
also be actively involved in enhancing and mediating the nanostructure properties remains 
a challenging task. The influence of polymeric shells, the coupling of nanoparticles across 
polymeric media, and the effects of anisotropic environments for resultant light-matter 
interactions such as extinction and emission also all need to be theoretically understood for 
the construction of real devices and components. 
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Finally, the assembly of QDs on substrates and with mediating polymeric components for 
controlled fluorescence enhancement is an understudied area and has important 
ramifications for emissive applications. Controlling the placement of QDs with respect to 
plasmonic nanoparticles, photonic crystals, or light scattering centers can result in 
fluorescence enhancement but is often limited to single particle studies or involves time-
intensive and costly experimental steps. In contrast, exploiting the interfacial dynamic 
relationship between QD-polymer composites and substrates could be explored for 
introducing enhancement in a controllable and facile manner as well as for tuning the 





CHAPTER 2.  RESEARCH GOALS, OBJECTIVES, AND 
OVERVIEW 
2.1 Research goals 
The primary goal of this research is understanding the principles that govern noble metal 
and QD nanostructure substrate-bound assemblies with novel emergent optical 
properties such as broadband absorption, reversible LSPR peak modulation, and 
fluorescence enhancement. Importantly, bottom-up assembly methods are used to govern 
assembly parameters such as nanoparticle density to control the coupling behavior between 
nanoparticles as well as their interactions with other plasmonic components. Polymeric 
components such as shells and spacer layers are additionally used for the mediation of these 
coupling interactions, for the control of large scale assembly behavior, and as stimuli-
responsive complements to plasmonic nanostructures. Furthermore, FDTD simulation 
techniques are used to predict, confirm, and understand optical phenomena. In this manner, 
the understand of coupling between nanostructures and other nearby nanostructures and 
the effects of polymeric matrices on light-matter interactions is furthered as well.  
Much effort remains on elucidating how nanoparticle assembly properties, such as 
interparticle distances and cluster sizes, can result in improved optical properties beyond 
their single nanoparticle behavior. Broadband absorption, reversible LSPR peak 
modulation, and fluorescence enhancement are all targeted in this case as properties that 
can be controlled and tuned using coupling interactions, polymeric components, and large 
scale assemblies. The ultimate goal of this work, summarized in Figure 2.1, is therefore 
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split into these three concrete tasks that share the same design principles and are discussed 
below.  
Task 1: Understanding the fundamentals behind the suppression of reflection through the 
use of complementary plasmonic modes and the subsequent rational configuration of 
nanostructures for broadband light absorption. Different nanostructure assembly designs, 
constituent nanostructures, and absorber configurations are considered for this task. 
Rational nanostructure coupling strategies that suppress reflection and allow control over 
LSPR peak positions are central to this task and are emphasized with the aid of FDTD 
simulations.  
Task 2: Gaining insight into the assembly behavior of conjugated polymers and plasmonic 
nanoparticles and ascertaining how polymeric media can influence plasmonic extinction 
spectra of nanoparticles in a changing refractive environment. This knowledge is then used 
in the creation of hybrid light- and electrically-active noble metal/plasmonic nanomaterials 
with reversible resonance modulation. Specific designs such as nanostructure/polymer 
composites and core/shell nanoparticles are assessed for different polymeric and plasmonic 
constituent materials. An emphasis is also placed on how the coupling behavior of 
plasmonic nanostructures affects the resultant optical properties of the hybrid 
nanostructures. 
Task 3: Studying the emissive behavior of composite QD/polymer films and how the film 
morphology can consequently be altered to improve the farfield outcoupling of 
fluorescence and reduce internal waveguiding to enhance their emissive properties. In 
particular, the influence of poor solvents on film/substrate interactions and consequent 
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dewetting behavior is investigated to increase scattering interactions of the films with light. 
Additionally, this knowledge is used in conjunction with photopattern light exposure for 
further investigation into the modification of film/substrate interactions and the 
development of novel photoluminescence patterning methods. 
  
Figure 2.1: The design and fabrication of large scale, nanostructured assemblies with 
novel optical properties using rationally chosen nanoparticles, coupling interactions, and 
polymeric components for the three distinct tasks of broadband absorption, stimuli-
responsiveness, and emission enhancement.  
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2.2 Technical objectives  
As discussed above and presented in Figure 2.1, the overarching focus of this work is on 
achieving a better understanding of emergent light-matter properties arising from local and 
large scale nanostructure assemblies and their combination with polymeric components to 
achieve optical properties that cannot be realized by single nanostructures alone. The use 
nanostructure coupling behavior and nanostructure-polymer interactions to control light-
matter interactions in a way that enhances their absorption, stimuli-responsiveness, or 
emission as described above will be broken down into specific objectives here.  
Objective 1: Broadband light absorption behavior 
• Characterize the plasmonic modes of individual nanostructures in order to 
understand the effects of size, shape, edge rounding, and organic surfactants on 
their resonances; 
• Fabricate novel plasmonic nanostructure assemblies that can result in broadband 
light absorption, such as the rational combination of film-coupled nanocubes and 
nanogrooves or the gradiental assembly of nanocubes, while avoiding destructive 
interference between their coupled modes; 
•  Experimentally control coupling between nanostructures using EBL, polymer 
spacer layers, and LB assembly; 
• Determine the influence that nanoparticle coupling and density have on the 
nanocube LSPR position, the reduction in reflection, and the overall light 
absorption when combined with nanogrooves;  
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• Corroborate experimental findings with FDTD electromagnetic simulations that 
model realistic nanoparticle shapes, interparticle distances, and environmental 
conditions (substrates and surfactant layers) to clarify the mechanisms behind 
broadband absorption in the nanostructure assemblies.  
Objective 2: Stimuli-responsive LSPR modulation 
• Determine suitable nanoparticles, such as nanocubes, nanorods, and nanodisks, for 
use with both commercial and newly developed conjugated polymers for the 
creation of light- and electrically-responsive nanostructure assemblies; 
• Investigate different nanostructure/polymer morphologies such as composite films 
and core/shell particles to achieve large and reversible LSPR modulation; 
• Experimentally characterize optical and electrical properties of novel conjugated 
polymers to ascertain their effects on final LSPR shifts and stability; 
• Employ electromagnetic simulations to determine the influence of nanoparticle 
geometry and coupling interactions on their plasmon mode field distributions, 
sensitivity, and electric field decay. 
Objective 3: QD fluorescence enhancement 
• Determine complementary QD and polymer materials and suitable assembly 
methods for composite film fabrication that do not result in large-scale phase 
separation or emission decay; 
• Determine routes for the intentional dewetting of films to promote emissive far-
field outcoupling via increased light scattering without detrimentally affecting the 
intrinsic QD quantum yield or stability; 
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• Examine effects of composite film properties such as thickness, morphology, and 
QD loading on final outcoupling behavior; 
• Ascertain and verify controllable dewetting mechanisms of polymer/QD composite 
films that lead to improved emissive properties; 
• Establish facile methods for the patterning of such films that do not detrimentally 
affect intrinsic QD properties or require additional lithographic steps. 
2.3 Organization and composition of dissertation 
Chapter 1 provides a detailed review of literature involving plasmonic nanostructures and 
QDs. Synthesis routes and assembly methods are discussed for both types of nanostructures 
as well as the fundamental principles such as size, composition, and coupling interactions 
that govern their optical phenomena. Current applications for these nanostructures are also 
detailed. Lastly, a summary of critical issues facing the field and the motivation for this 
research are presented. 
Chapter 2 outlines the research goals and technical objectives of this dissertation. The 
organization and a brief description of this dissertation’s body of work are also presented. 
Chapter 3 outlines the materials, synthesis techniques, assembly methods, and 
characterization methods used during this research. In some cases, described methods were 
conducted by collaborators, the details of which can be found in the pertinent chapters. 
Detailed descriptions for specific techniques can also be found in the relevant sections.  
Chapter 4 focuses on the fabrication of a metal-dielectric-metal assembly for enhanced 
broadband absorption in the visible spectral range by combining the plasmonic resonances 
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of different plasmonic nanostructures. Silver nanocubes (AgNCs) and gold nanogrooves 
are coupled to one another through a dielectric polymer spacer layer of controllable 
thickness, resulting in a large multiplicative enhancement of the absorption across a broad 
spectral range. The individual plasmon resonances of these nanostructures are located at 
significantly different optical frequencies, and the constructive combination of their 
resonances allow a significant increase of light absorbance to an average value of 84% 
across the 450-850 nm wavelength range. 
Chapter 5 examines the fabrication of an AgNC aggregation gradient monolayer for 
broadband light absorption. The varying amount of randomly distributed nanocube 
aggregates with difference surface coverages allows for continuous control of the 
polarization-sensitive absorption of the incoming light over a broad spectrum. Optical 
characterization under total internal reflection (TIR) conditions combined with electromagnetic 
simulations reveal that the broadband light absorption depends on the relative orientation of the 
nanoparticles to the polarization of the incoming light. The s-polarization shows dramatic 
changes of the plasmonic resonances at different angles of incidence. With a low surface 
nanocube coverage, we observed a polarization-selective high absorption of 80% (with an 
average 75%) of the incoming light over a broad optical range in the visible region from 400-
700 nm.  
Chapter 6 reports on the optical properties of silver nanodisk (AgND) monolayers when 
combined with an electroactive conjugated polymer layer and varying amounts of 
nanoparticle coupling. AgND monolayers were deposited using the LB technique, and 
monolayers in the liquid expanded–gaseous (Le–G) phase demonstrated individual 
plasmon resonance behavior while monolayers deposited in the liquid condensed–liquid 
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expanded (Lc–Le) and solid–liquid condensed (S–Lc) phases exhibited plasmon coupling 
between closely packed adjacent nanoparticles. AgND monolayers were then used in 
conjunction with a conjugated poly(3-hexylthiophene-2,5-diyl) (P3HT) medium to 
reversibly modulate the LSPR by changing the local refractive index around the 
nanoparticles. Ultimately, a high reversible LSPR shift of 27 nm was observed with an 
applied electropotential of ±500 mV to the P3HT-coated AgND monolayer. A high RIS of 
141 nm per RIU was found for monolayers deposited in the Lc–Le phase due to an 
increase in hot spot formation. 
Chapter 7 presents the synthesis of novel branched organic–inorganic azo-polyhedral 
oligomeric silsesquioxane (POSS) conjugates (Azo-POSS) and their use as a stable active 
medium to induce reversible plasmonic modulation of embedded nanostructures using 
light. A dense monolayer of AgNCs was deposited on a quartz substrate using the 
Langmuir–Blodgett technique and subsequently coated with an ultrathin Azo-POSS layer. 
The reversible light-induced photoisomerization between the trans and cis states of the 
azobenzene-terminated branched POSS material results in significant changes in the 
refractive index, up to 0.17, at a wavelength of 380 nm. We observed that the pronounced 
and reversible change in the surrounding refractive index results in a corresponding 
hypsochromic plasmonic shift of 6 nm in the plasmonic band of the embedded AgNCs. 
The reversible tuning of the plasmonic modes of noble-metal nanostructures using a 
variable-refractive-index medium raises the possibility of fabricating photoactive, hybrid, 
ultrathin coatings with robust, real-time, photoinitiated responses for prospective 
applications in photoactive materials that can be reversibly tuned by light illumination. 
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Chapter 8 reports on the electrically controlled and reversible changes of the plasmonic 
signatures of hybrid polymer–metal nanostructures composed of core/shell nanostructures: 
gold nanocubes (AuNCs) coated with electrochromic polyaniline (PANI) shells. A 
reversible tuning of the LSPR peak of the AuNC core was obtained by applying an 
electrical potential that caused a reversible oxidation state change in the electroactive PANI 
nanoshell. A significant shift of the main LSPR peak was achieved with high reversibility 
and electrochemical stability due to the interplay of the local decay of the electromagnetic 
field and the controlled thickness of the surrounding polymer shell. Here, the PANI shell 
acts as an electroactive medium as well as a physical spacer to prevent uncontrollable 
plasmonic coupling.  
Chapter 9 presents a rational approach for fabricating another plasmonically active hybrid 
polymer–metal nanomaterial with electrochemical tunability of the LSPR. The key 
requirement for being able to significantly modulate the LSPR band position is a close 
overlap between the refractive index change of a stimuli-responsive polymeric matrix and 
the intrinsic LSPR bands. For this purpose, gold nanorods (AuNRs) with a controlled 
aspect ratio, synthesized to provide high refractive index sensitivity while maintaining 
good oxidative stability, were combined with a solution-processable electroactive and 
electrochromic polymer (ECP): alkoxy-substituted poly(3,4-propylenedioxythiophene) 
[PProDOT(CH2OEtHx)2]. Spectral characteristics of the ECP, in particular the refractive 
index variation, were evaluated as the material was switched between oxidized and reduced 
states. We fabricated ultrathin plasmonic electrochromic hybrid films consisting of AuNRs 
and ECP that exhibited a large, stable, and reversible LSPR modulation of up to 25–30 nm 
with an applied electrical potential. FDTD simulations confirm a good match between the 
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experimentally measured refractive index change in the ECP and the plasmonic response 
during electrochemical modulations. 
Chapter 10 highlights a new method for enhancing photoluminescence from QD/polymer 
composite films. Poly(lauryl methacrylate) (PLMA) thin films containing embedded QDs 
are intentionally dewetted from substrates with exposure to an incompatible solvent vapor. 
After dewetting, films exhibited increased amounts of scattering that served to outcouple 
photoluminescence and reduce internal waveguiding within the film. Up to a 5-fold 
enhancement of the film emission was achieved depending on factors such as film 
thickness and QD concentration within the film. An increase in film thickness was shown 
to increase the dewetted maximum feature size and characteristic length until a critical 
thickness was reached where dewetting became inhibited. A unique light exposure-based 
photopatterning method is also presented for the creation of emissive patterns.  
Chapter 11 summarizes the general results and conclusions that can be drawn from the 
preceding chapters and discusses their overall significance within their broader scientific 
field. An analysis of future directions for polymer/nanostructure composites with 
controllable light interactions and potential applications is also provided.   
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CHAPTER 3.  EXPERIMENTAL TECHNIQUES AND MATERIALS 
3.1 Collaborative efforts 
Much of the work presented in this thesis was done in collaboration with other research 
groups at the Georgia Institute of Technology. Professor El-Sayed’s research group 
provided the plasmonic nanoparticles used in this work and frequently performed LB 
deposition of nanoparticles on substrates. QDs were obtained from Professor Lin’s research 
group. Professor Reynold’s group provided several different electrochromic polymers for 
use. An outside collaborator, Professor Shevchenko from the National Academy of 
Sciences of Ukraine, provided light-sensitive compounds. 
3.2 Chemicals and materials 
Aniline (99.5%), ammonium persulfate (98%), polyethylenimine (PEI, Mw ∼25000), (3-
aminopropyl)-triethoxysilane (APTES, 99%), polyallylamine hydrochloride (PAH, 
Mw=60 kDA), and polystyrene sulphonate (PSS, Mw=70 kDA) were purchased from 
Sigma-Aldrich. Toluene (99.5%) and acetone (99.5%) were purchased from BDH. Ethanol 
was obtained from Calbiochem. Dichloromethane (99.96%) was purchased from EMD 
Millipore Chemicals. Lithium bis(trifluoromethylsulfonyl)imide (LiBTI) was used as 
received from Acros Organics. Propylene carbonate (PC) was purchased from Acros 
Organics and purified using a solvent purification system from Vacuum Atmospheres. 





3.3 Gold and silver nanostructures 
 Synthesis of silver nanocubes 
Silver nanocubes (AgNCs) with edge lengths between 50-70 nm were synthesized using 
the polyol method as described previously.218, 219 In a 100 mL round bottom glass flask, 70 
mL of ethylene glycol (EG) was heated to 150 °C for 1 hour. Then a solution of 0.85 g 
PVP was dissolved in 10 mL EG and added to the hot EG. 0.4 mL of sodium sulfide (Na2S) 
(3 mM) dissolved in EG and 6 mL of 282 mM AgNO3 dissolved in EG were injected into 
the reaction mixture. The reaction mixture was stirred at 200 rpm and refluxed at 150 °C 
for 10 minutes until the solution became opaque. In order to purify the AgNCs for LB 
deposition, 5 mL of the prepared AgNC solution was diluted with 10 mL of water and 
centrifuged at 10,000 rpm for 10 minutes. The precipitated AgNCs were then re-dispersed 
in water. AgNCs were statistically evaluated using TEM images to evaluate size 
distributions and shapes. The AgNCs were typically covered by a surfactant PVP layer 
with a thickness of approximately 1.5 nm.  
 Synthesis of silver nanodisks 
Silver nanodisks (AgNDs) were prepared by the simultaneous asymmetric multiple 
reduction technique (SMART).35  In a 1 L glass bottle, 4 mL of  78.35 mM L-ascorbic acid 
was added to 400 mL of 0.145 mM aqueous solution of PVP (molecular weight of 55 kDa).  
Then, 0.60 mL of 60 mM AgNO3 aqueous solution was added to the resulting mixture.  
While stirring, 0.12 mL of sodium borohydride (5 mM) was added and the solution was 
gently shaken for 10 seconds.  The resulting AgNDs were cleaned by centrifugation at 
12,000 rpm for 35 minutes, and the precipitated nanoparticles were dispersed in deionized 
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water.  The cleaned AgND solution was then centrifuged again at 10,000 rpm for 20 
minutes; the precipitated AgNDs were finally dispersed in 4 mL ethanol and mixed with 4 
mL chloroform for deposition. 
 Synthesis of gold nanocubes 
Gold nanocubes (AuNCs) were synthesized using a traditional seed-mediated technique in 
which small Au seeds were grown to AuNCs in the presence of a structure-directing agent, 
CTAB.220 Briefly, the seed solution was first prepared by adding 600 µL of ice-cold 
NaBH4 with a concentration of 0.01 M to a 7.75 mL aqueous solution containing 0.1 M 
CTAB and 3.23 × 10–4 M HAuCl4·3H2O under stirring. The stirring was continued for 2 
minutes. One hour after initial seed synthesis, 0.35 mL of 10-fold diluted seed solution was 
allowed to grow in the growth solution, which was prepared by mixing CTAB solution 
(2.916 g dissolved in 400 mL of ultrapure water) with HAuCl4·3H2O solution (0.0394 g 
dissolved in 143 mL DI water) followed by adding 7 mL (1M) ascorbic acid (Sigma-
Aldrich). The growth process was completed after 4 hours. 
 Synthesis of gold nanorods 
The seed-mediated growth technique was used to prepare AuNRs.36 The seeds were 
prepared as follows: in a 30 mL vial, 2.5 mL of 1.0 mM aqueous solution of HAuCl4 was 
mixed with 5 mL of 0.2 M aqueous solution of CTAB. Then, under stirring, 0.6 mL of 10 
mM ice-cold sodium borohydride solution was added. The gold seed particles were formed 
after 5 minutes of stirring. The growth solution was prepared by mixing 200 mL of 1.0 mM 
HAuCl4 aqueous solution with 200 mL of 0.2 M CTAB in a 500 mL flask. Then 6 mL of 
4.0 mM AgNO3 solution was added, followed by 2.8 mL of 78.8 mM ascorbic acid. AuNRs 
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were obtained by adding 320 µL of seed solution to the growth solution and leaving the 
mixture to react overnight. 
3.4 QDs 
 Synthesis of CdSe/Cd1-xSe1-ySy core/graded shell quantum dots 
Red core/graded shell CdSe/Cd1-xZnxSe1-ySy QDs were synthesized by modifying a 
reported method.221 Briefly, 1 mmol of CdO, 2 mmol of Zn(acetate)2, 5 ml of oleic acid, 
and 15 ml of 1-octadecene were inserted into a three-neck flask. The mixture was then 
degassed at 150 °C for 1 h. The reaction was heated to 300 °C under Ar. At the elevated 
temperature (300 °C), 0.2 ml of 1M Se/TOP solution was rapidly injected. After 5 min, 0.3 
ml dodecanethiol was added drop-wise. The solution was kept at 300oC for 20 min 
followed by injection of 1ml 2M S/TOP solution. The reaction was allowed to proceed at 
300°C for 10 min and then the reaction was stopped by removing the heating mantle. 10 
ml of hexane was added to the solution once the temperature reached 70 °C.   
3.5 Conjugated compounds and polymers 
 Azo-POSS 
Compounds 1 and 2 were prepared using a hydrosilylation approach with POSS-H as a 
scaffold for the attachment of azo dyes bearing reactive allyloxy groups. 
Compounds AB and 2 were reported previously;222 synthesis of compound 1 is described 




Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) with a regioregularity ≥ 90% and a 
MW of ~87 kDa was purchased from Sigma-Aldrich. 
 ECP-Magenta 
ECP-Magenta (ECP-M) electrochromic polymer was synthesized as described previously 
from the corresponding alkoxy-substituted 3,4-propylenedioxythiophene by oxidative 
polymerization with iron(III)chloride.223 The molecular mass of the polymer is 12.4 kDa 
with a polydispersity index (PDI) of 1.8 as determined by gel-permeation chromatography 
(GPC) in tetrahydrofuran (THF) versus polystyrene (PS) standard.  
 Aniline polymerization on AuNCs 
AuNC/polyaniline (PANI) core/shell nanostructures were synthesized according to 
established procedure with some modifications.224, 225 As-synthesized CTAB-wrapped 
AuNCs (3.5 mL) were centrifuged at a speed of 6,000 rpm for 15 minutes, and the 
concentrated AuNCs were then redispersed in a mixture of aniline (2 mM, 1.5 mL) and 
SDS (40 mM, 0.25 mL). The solution was subjected to vortexing for 1 min to ensure 
complete mixing. Ammonium persulfate (2 mM, 1.5 mL) in 10 mM HCl aqueous solution 
was added to the mixture of AuNCs, aniline, and sodium dodecyl sulfate (SDS). The 
solution was vortexed for 10 seconds and subjected to polymerization for 24 hours. In this 
procedure, polymerization of aniline takes place on the AuNC surface as well as in the bulk 
solution, which gives rise to a mixture of AuNC/PANI core/shell nanostructures and PANI 
suspension. Afterwards, the AuNC/PANI core/shell nanostructures can be easily isolated 
from PANI via centrifugation owing to their density difference. The resultant solution was 
concentrated through centrifugation at 6,000 rpm for 15 minutes and redispersed in 1.5 mL 
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of 3.6 mM SDS solution. The same centrifugation process was repeated a couple of times 
more for further purification. For thicker PANI shells, the same polymerization process 
was carried out with the AuNC/PANI core/shell dispersion instead of bare AuNCs. 
3.6 Film deposition 
 Spin casting 
Spin-coating was performed by dropcasting polymer solutions (typically 1-2 wt%) onto 
silicon or quartz substrates and spinning the samples for 30 seconds at 3,000 rpm on a spin-
coater (Laurell). For layer-by-layer (LbL) deposition, 0.2 wt% solutions of PAH and PSS 
were prepared by dissolving the polymers in Nanopure water.  Each layer was spun cast at 
3,000 rpm for 30 seconds followed by 2 rinse steps with Nanopure water.  
 Spray casting 
Nanoparticle dispersions were sprayed with a spray gun (Iwata HP-CS) at 20 psi onto 
pretreated indium tin oxide (ITO) slides placed horizontally. The amount of sprayed 
solution was such as to completely wet the area of the slide to be covered with 
nanoparticles. After 5 seconds, nanoparticle solution was blown off the slide by a spray 
gun. The spraying sequence was repeated 10−20 times to achieve the desired nanoparticle 
density. After deposition, the slides were immersed in water to remove excessive CTAB 
for 1 minute, dried under a stream of air, and plasma-treated for 10 seconds with 100 mTorr 





 LB assembly 
A Nima 611D trough with a water sub-layer was used for LB monolayer preparation.  The 
surface pressure was measured with a paper Wilhelmy plate attached to a D1L-75 model 
pressure sensor.  Solutions of nanoparticles dispersed in chloroform or a 
chloroform/ethanol mixture were sprayed over the water surface, and the monolayers were 
allowed to dry for 10 minutes.  Monolayers were then transferred to quartz or silicon 
substrates by the vertical dipping method at desired surface pressures. 
 Electron beam evaporation 
A CVC electron beam evaporator was used prior to and after EBL. First, a 20 nm thick Ti 
adhesion layer was evaporated onto the substrate followed by 100 nm of Au in order to 
create a non-transparent, optically thick mirror.  After lithography, 90 nm of Au was 
deposited using the CVC E-beam Evaporator. The pressure inside the chamber was 8*10-
6 or lower for all evaporation steps. Ti was deposited at a rate of 1 Å/s while Au was 
deposited at a rate of 5 Å/s. 
3.7 Patterning methods 
 EBL 
Substrates were first cleaned with Piranha solution (H2SO4:H2O2 = 3:1) for 1 hour and then 
rinsed thoroughly with Nanopure water (18.2 MΩ cm).  For the EBL resist, PMMA 950 
A4 was spun at 1,800 rpm to give an approximate 200 nm height and baked at 180 °C for 
90 seconds.  EBL was done using a JEOL JBX-9300FS System.  Lift-off was subsequently 
performed using 1165 Remover for a period of 4 hours, followed by a 30 second sonication 
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step.  The substrate was sequentially rinsed with acetone, methanol, and isopropanol and 
UV cleaned for 30 minutes to remove any residual resist.  
 Photopatterning 
Polymer/QD composite films were placed under a photolithography mask and exposed to 
a 120 W mercury arc lamp (Lumen Dynamics, X-cite series, 120Q) for 30 minutes.  
3.8 UV-Vis spectroscopy 
UV–Vis spectra were recorded on a Shimadzu UV-2450 spectrophotometer with a spectral 
resolution of 0.5 nm for UV/vis cycling experiments and 1 nm for other measurements. 
3.9 Hyperspectral imaging 
Hyperspectral images were collected using a CytoViva Hyperspectral imaging system 
utilizing a diffraction grating spectrophotometer with a spectral range of 400-1000 nm and 
a spectral resolution of 2.8 nm. A tungsten halogen lamp with an aluminum reflector 
providing a wavelength range of 450-850 nm and a peak power of 150 Watts was used as 
a light source.   
3.10 Ellipsometry 
Spectroscopic ellipsometry was performed on a Woollam M-2000U ellipsometer with a 
spectral range of 245–1000 nm (D2 and QTH lamps). Ellipsometry data for all samples 
were acquired at 65°, 70°, and 75° angles of incidence over the spectral range and modeled 
with V.A.SE software (WVASE32, Version 3.7868). The thickness and refractive indices 
of dielectric polymer films were determined by using a Cauchy layer for the polymer.  A 
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general oscillator layer was used for complex electroactive polymers by using 4-7 Gaussian 
functions and fitting point-by-point over the entire spectral range.  
3.11 Atomic force microscopy  
Typical atomic force microscopy (AFM) scans were conducted with a Dimension 3000 
instrument (Digital Instruments) in tapping mode. Scans were performed at a rate of 0.5–
1.0 Hz for 526 lines and 526 pixels/line. Silicon nitride AFM tips (MikroMasch) with a 
spring constant of 7 N/m and a resonant frequency of ca. 150 kHz were used. A Dimension 
Icon (Bruker) equipped with a Nanoscope V controller was used in conjunction with ultra-
sharp silicon tips (MikroMasch) with a resonance frequency of 280 kHZ for high resolution 
images. Scans were performed at a rate of 1 Hz for 1024 lines and 1024 pixels/line for 
surface areas of 500x500 nm2.  Image processing was performed using Gwyddion 2.36 
software.226 
3.12 Scanning electron microscopy/transmission electron microscopy 
Scanning electron microscopy (SEM) images were obtained using a Hitachi SU 8010 with 
a resolution of 1.0 nm at an operating voltage of 5 kV.  Transmission electron microscopy 
(TEM) images were obtained on JEOL 100CX and Hitachi HT770 microscopes operated 
at 100 kV with samples drop-cast on carbon–Formvar-coated copper grids (Ted Pella, Inc.). 
The grids were allowed to dry at room temperature before TEM imaging. 
3.13 Electrochemical potential measurements 
Electrochemistry measurements were performed on an EG&G Princeton Applied Research 
model 273 using a three-electrode cell with Corrware software. Several different aqueous 
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and nonaqueous electrolytes were used for electrochemical investigations including 0.5 M 
of lithium bis(trifluoromethyl)sulfonylimide (LiBTI) in propylene carbonate (PC) and 
acetonitrile, 0.5 M HCl, 0.5 M NaCl in 0.1 M HCl, 0.5 M NaCl in 0.01 M HCl, 0.5 M, and 
0.5 M tetrabutylammonium hexafluorophosphate (TBAPF6) in propylene carbonate (PC). 
Nanostructures on ITO and Pt wire were used as working and counter electrodes, 
respectively. As reference electrodes, an Ag/AgCl electrode and an Ag/Ag+ (68 mV vs 
ferrocene) electrode were used for aqueous and nonaqueous electrolyte systems, 
respectively. During the measurement, the potential was gradually changed to a target 
value using a cyclic voltammetry technique at a speed of 50 mV/s to prevent abrupt current 
surge. UV–vis spectra at certain potentials were recorded on a Varian Cary 5000 Scan UV–
vis/NIR spectrophotometer at a resolution of 1 nm. The UV–vis spectra were recorded 15 
s after applying the potential.  
3.14 FDTD modeling 
Simulations were performed using FDTD commercial software from Lumerical Solutions, 
Inc. (FDTD Solutions 8.0.2-8.12.631).227   A light source with a broadband wavelength 
range of 300-1000 nm was used for all simulations; a plane wave light source was used to 
obtain reflection spectra while a total-field scattered-field source was used to determine 
absorption and scattering spectra. A 1 nm mesh was used across the total monitor region, 
and perfectly matched layer (PML) boundaries were used for most simulations to prevent 
internal reflection. Silver and gold nanoparticles were modeled with a 1-2 nm PVP or 
CTAB surfactant layer respectively. Silver permittivity values were taken from Palik and 
fit with 6 coefficients, giving an RMS error of 0.150.228 Gold permittivity values were 
obtained from the CRC handbook.229  
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CHAPTER 4.  TAILORING THE PLASMONIC MODES OF A 
GRATING-NANOCUBE ASSEMBLY TO ACHIEVE BROADBAND 
ABSORPTION IN THE VISIBLE SPECTRUM 
4.1 Introduction 
The governing of light-matter interactions below the diffraction limit can be accomplished 
using nanofabrication methods such as electron-beam lithography (EBL)230, 231 or self-
assembly232, 233 to incorporate plasmonic nanostructures into engineered matrices and 
structures.  In this field, much interest has focused on obtaining light absorption at optical 
frequencies using plasmonic nanostructures or electromagnetic metamaterials.234-239  These 
materials have a variety of applications in fields such as sensing,240 surface enhanced 
Raman scattering,241, 242 light absorbing nanowires,243 thermal emitters,244 thin film 
photovoltaics,142 or thermophotovoltaics23 for which efficient broadband absorption in the 
visible wavelength range is necessary.   
However, plasmonic nanostructures are rarely able to independently achieve a broadband 
response due to their spectrally narrow bands that arise from their wavelength specific 
resonances.12  For instance, Moreau et al. used AgNCs separated from a gold film by an 
insulating spacer to design a controlled reflectance surface that was able to achieve a 
maximum absorption of approximately 90% but only over a very narrow region with an 
approximate width of 25 nm.235  Although impedance-matching metamaterials have been 
demonstrated that achieve near-perfect absorption, this absorption is not always broadband 
in nature and is often confined to the infrared or microwave regimes instead of the visible 
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spectrum, although recent theoretical modeling results predict different designs with high 
light absorption in a controllable wavelength range.245-249 
To achieve a very high broadband absorption in the visible spectrum, it is possible to 
combine multiple plasmonic resonances from different nanostructure elements in a fashion 
that ultimately enhances the total light absorption.  For instance, Aydin et al. employed the 
hybridized modes of fabricated trapezoidal metallic stripes (stripes with different cross-
sections) in a metal-dielectric-metal stack to achieve a broadband absorption of 71% over 
the 400-700 nm wavelength range.234  Yan et al. were able to fabricate a broadband 
absorber in the visible spectrum with an average absorption of 95% through the use of 
randomly-shaped and sized gold nanoislands in another metal-dielectric-metal design.250  
Most designs focus on incorporation of plasmonic resonances in particles99, 103, 123 and 
nanoslits or nanogratings251-254 which been studied extensively for their unique absorption 
properties.  Nanoparticles support LSPRs that in addition to being angle insensitive can 
achieve electric field enhancements an order of magnitude larger than those of SPPs found 
in thin films or gratings.77, 103  
Furthermore, the near-field enhancement between two coupled nanoparticles can be several 
additional higher orders of magnitude compared to single particles, which is relevant for 
many sensing and spectroscopy techniques.103, 255  This effect is also applicable to 
nanoparticles separated from a plasmonic substrate by a thin dielectric layer; in this case, 
the nanoparticles generate mirror charge images in the substrate and the LSPRs also 
hybridize with SP modes, resulting in an enhanced, red-shifted resonance mode.99  This 
resonance, known as the bonding mode, is symmetric in nature and oriented towards the 
substrate.256  Anti-bonding modes are asymmetric in nature and oriented towards the 
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medium but only interact with light under particular circumstances.98, 257 Small thicknesses 
of the spacer layer in the range of 5-20 nm have provided the strongest coupling effects 
and have given the best results in previous studies because resonances cannot excite well 
for extremely thin layers while larger layers result in poor coupling.235, 240, 258  
Narrow grooves in a gold film and AgNCs have difference resonances that may be 
combined in this manner (Figure 4.1).  The two different plasmonic nanostructures excite 
strong resonances with different spectral band positions that overlap with one another and 
allow a broadband absorption to be obtained.  It has been demonstrated that narrow slits or 
grooves in noble metals can support localized standing plasmon modes.253, 259 These differ 
from conventional gratings which excite SPPs when the conditions for Equation 7 are 
met.118  Other types of nano-gratings adiabatically focus light to achieve a broadband, non-
Figure 4.1: AgNCs separated from an underlying gold nano-grating by an insulating 
polymer spacer can be used in designing structures with broadband absorption properties. 
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resonant absorption but are limited to low-angle incident light as well as large structure 
thicknesses.260, 261 
These nano-grating modes are in sharp contrast to the LSPR modes generated in small slits 
or grooves; in comparison to SPPs excited by conventional gratings, grooves can be 
considered as zero-order gratings and have relatively flat dispersion curves, leading to high 
absorption over a wide range of incident light angles.254  Enhancement within these grooves 
scales with p/w, where p is the periodicity of the nano-grating and w is the width of the 
grooves.252  Nano-gratings with small groove widths are attractive components for use in 
plasmonic absorption applications due to the ability to precisely design their structure and 
resulting resonances using techniques such as electron-beam lithography (EBL).  However, 
to date little effort has been made to experimentally demonstrate how these narrow groove 
nano-gratings and their resonances can interact with or enhance the resonances of other 
plasmonic nanostructures, especially in the context of mesoscale nanostructure assemblies 
used for broadband absorption applications.240 
Therefore, in this study we demonstrate the use of well-defined plasmonic resonances of 
noble metal nano-gratings and nanocubes in a constructive manner that ultimately enables 
the efficient, broadband absorption of light in the visible range at significantly higher levels 
than that possible for the individual elements.  Our assembled nanostructure, presented in 
Figure 4.2, utilizes AgNCs with an edge length of 70 nm coupled to a thin gold substrate 
by a polymer dielectric spacer layer with a thickness of 8 nm.  EBL fabrication of an 
underlying gold nano-grating of varying widths (w) and periodicities (p) is implemented in 
order to achieve this high broadband absorption.  Using this nanostructure design enables 
the plasmonic resonances of the different components at two different wavelengths to 
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multiplicatively enhance one another, as shown in this study.  A high average light 
absorption of 84% was achieved over the broad wavelength of 450-850 nm for p-polarized 
(TM) light based on the different resonances of the gold nano-grating substrates and the 
dielectric spacer-coupled AgNCs. 
4.2 Experimental Details 
Polymer Spacer Nanolayers: Prior to bi-layer deposition, gratings were ozone etched for 1 
minute in order to remove hydrocarbons and to make the surface hydrophilic. The thickness 
Figure 4.2: (a) Schematic of fabricated absorber with different grating widths and 
periodicities. (b) Scanning electron microscopy image of a fabricated grating-nanocube 
array with 100 nm groove widths and a 350 nm periodicity. Scale bar is 1 µm. (c) Bright 
field microscopy image of the same array. Scale bar is 50 µm. 
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of each bilayer was determined to be approximately 4 nm using a spectroscopic 
ellipsometer (Woollam M-2000U).  
LB Deposition of Silver Nanocubes: Langmuir monolayers were transferred to substrates 
by the vertical dipping method at surface pressures of 1, 2, and 4 mN/m.  Nanocube surface 
densities were analyzed using ImageJ binary thresholding of high contrast SEM images 
(Figure A.5).   
Optical Characterization: A 10x bright field objective (NA: 0.30) in reflectance mode was 
used to scan the surface. P-polarized light was used to excite the nanostructures.  
Hyperspectral maps of the samples were normalized by a dielectric mirror with a 
reflectivity >99% from 350-1100 nm (Newport Corporation, 10Q20BB.HR).  
Approximately 3,000 pixel spectra were averaged per scan to obtain each individual 
spectrum (Figure A.6).  Spectra were smoothed with adjacent averaging over a 20 nm 
window in order to eliminate instrumentation etalon effects while still preserving all 
spectra features (Figure A.7). 
Finite-Difference Time-Domain Simulations: Two-dimensional simulations of three slit 
periods with periodic x-boundaries and perfectly matched layer (PML) y-boundaries were 
used for modeling the slits. Three-dimensional simulations of 2 cube periods with periodic 
x- and y-boundaries and PML z-boundaries were used for modeling the AgNCs.  
Nanocubes were modeled as both chains (periodic in x-direction) and square arrays 
(periodic in both x- and y-directions). Face-to-face, face-to-edge, and edge-to-edge 
orientations were considered as well. Nanocubes were modeled with a 15% edge rounding, 
defined as the edge radius normalized by the length of the nanocube, and a 2 nm PVP 
70 
 
coating as determined in previous studies.262 Experimental values for gold’s complex 
permittivity were found using ellipsometry and imported as a simulation material with a 6-
coefficient fit, resulting in an RMS error of 0.153.  
4.3 Results and Discussion 
 Nanogroove modes 
Gold nano-gratings with groove widths of 50, 75, and 100 nm and periodicities of 350, 
400, and 450 nm were fabricated with EBL in order to examine the effects of these 
parameters on the primary slit resonance (see Experimental).  A height of 90 nm was 
chosen to maximize this resonance while avoiding the possibility of multilayers of AgNCs 
if they deposited into the grooves.   
It was observed that for a constant periodicity, the primary resonance degraded and blue-
shifted as the groove width was increased (Figure 4.3a).  The absorption peak occurred at 
770 nm for a 100 nm groove width and 709 nm for a 50 nm groove width which 
corresponds to a 1.2 nm blue-shift of the resonance peak wavelength per nm decrease of w 
(1.2 ∆nm/nm).  The reflectance minimum decreased from 17% to 9% as the groove width 
was decreased due to an increase of surface charges on the edges of the slits.  The 
reflectance maximum at approximately 560 nm also experienced a slight decrease as the 
groove width was increased due to an increasing overlap with the main resonance.  Keeping 
the groove width fixed and increasing the periodicity of the nano-grating had the effect of 
red-shifting the resonance at a rate of 1 ∆nm/nm (Figure 4.3b).  This shift may be 
attributed to the individual groove modes coupling to a lesser extent with one other as the 
periodicity was increased.  A slight decrease in the resonance was also expected due to the 
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increase in the ratio p/w but was not experimentally observed. In all cases, the deposition 
of the polymer bi-layers was found to red-shift the resonance mode approximately 20 nm 
due to the change in the local refractive index around the nano-gratings (Error! Reference 
source not found.). 
FDTD simulations supported the observed general trends in reflectance behavior (see 
Experimental).  Reflectance minimum peak positions for simulated groove nanostructures 
are within 10 nm of experimental values (Figure 4.3).  Experimental reflectance spectra 
were broader and had lower reflectance values than those of the simulated nano-gratings, 
but this is could potentially be due to the imperfect periodicities and geometries as well as 
the finite sizes of the fabricated gratings (Error! Reference source not found.).   
Figure 4.3: (a) Reflectance spectra for nano-gratings of a fixed p of 400 nm and a varying 
w of 50 nm (black), 75 nm (red) and 100 nm (blue). (b) Reflectance spectra for nano-
gratings of a fixed w of 75 nm and a varying p of 350 nm (black), 400 nm (red), and 450 
nm (blue). The dashed lines are the simulated spectra for the corresponding experimental 
spectra while the dashed markers indicate simulation peak positions for the respective 
experimental slit parameters. 
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The local electric field enhancement, |R| |R<|⁄ , was plotted for the reflection minimum 
of two periods for each nano-grating in order to visualize the plasmonic modes of the 
grooves (Figure 4.4).  As is clear from the electric field enhancement distribution, strong 
coupling exists at the top corners of the grooves where the charge accumulation is the 
highest. On the other hand, little to no enhancement occurs along the outmost surface, 
confirming that the observed mode is local and non-propagating in nature.  Such modes 
are also important for the angle independence absorption they exhibit.252  This is 
advantageous for the broadband application being considered since SPP modes would most 
likely be disrupted by the sequential random deposition of nanocubes on the surface.119  
 Silver nanocubes on a uniform substrate 
To study the individual resonance behavior of AgNCs separated from a bare gold substrate, 
the dielectric layer thickness and the cube surface concentration were varied.  A polymer 
Figure 4.4: The electric field enhancement for a nano-grating with groove widths of 50 
nm and a 350 nm periodicity.  A maximum enhancement of 1250 occurs at the top corners 
of the grooves and the enhancement has been normalized to 250 for clarity. 
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dielectric thickness of 8 nm (2 bilayers) was determined to be the optimum spacer thickness 
for the cube surface coverages examined and resulted in the lowest reflection peak 
minimum values compared to the spacer thicknesses of 4 nm (1 bilayer) and 12 nm (3 
bilayers) also investigated in this study.   
The effects of nanocube surface coverage on the resulting reflectance properties were 
determined by adjusting the surface pressure during Langmuir Blodgett (LB) deposition to 
1, 2, and 4 mN/m that corresponded to different gas or liquid states on a Langmuir isotherm 
(Figure 4.5).  The variation of surface pressure resulted in respective nanocube surface 
densities of 12, 15, and 22% as determined by ImageJ analysis of high contrast SEM 
images (see Experimental).   
Average interparticle distances (defined as the average distance between a cube’s centroid 
and the centroid of its nearest neighbor) were obtained using the Image Metrology SPIPTM 
Figure 4.5: (a) Reflectance spectra for gold substrate-coupled AgNCs with surface 
densities of 12% (black), 15% (red), and 22% (blue). The broken curves show the simulated 
spectra for a 1-D interparticle spacing of 120 nm (dashed) and 300 nm (dotted). (b) SEM 
image of a 15% surface coverage sample. Scale bar is 500 nm. 
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software.  For the surface densities of 12, 15, and 22%, average interparticle distances were 
respectively determined to be 134±40 nm, 111±42 nm, and 88±34 nm.  The highest surface 
density investigated in this study of 22% resulted in the strongest resonance and also 
resulted in a slight blue-shift from the spectra of lower surface densities due to increased 
coupling interactions between nanocubes (Figure 4.5).  
The spacing of nanocubes in periodic FDTD simulations of both nanocube chains (1D) and 
nanocube square arrays (2D) was varied within the broad range to reflect a high variability 
in experimental surface distribution in order to analyze the experimental results. It is 
important to note that because the deposited nanocubes are not strictly periodic in nature, 
the collective response can be approximated as such provided there are multi-cube 
aggregates with short-range ordering that influence the spectrum. In contrast to 
conventional simulations of individual aggregates which cannot be practically conducted 
for very large surface areas with complex topography, periodic boundaries model also 
allows the simulation of an infinite number of nanocubes, which is more realistic for 
modeling a large number of particles than the modeling of isolated clusters or chains of 
cubes.54, 235, 263  
These simulations reveal that the resonance for a 1-D spacing of 300 nm between each 
nanocube is at 640 nm while the resonance for a 1-D spacing of 120 nm is at 600 nm and 
is weaker, implying that the AgNC interparticle distance plays an important role in the 
observed spectral characteristics (Figure 5a).  For a 2-D array, an interparticle spacing of 
150 nm results in the same resonance position at 600 nm (Figure A.3).  Finally, the 
orientation of the cubes with respect to each other was procedurally examined to determine 
if it significantly altered the simulated cube resonance. Interestingly, face-to-face, face-to-
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edge, and edge-to-edge orientations resulted in almost identical spectra in contrast to the 
differences reported previously in literature for close-packed nanocube chains, which will 
be discussed later (Error! Reference source not found.).54  It is important to note that neither 
the 1-D or 2-D simulations exactly replicate the LB deposition, but they do serve as a model 
for elucidating the effect of changing the interparticle distance. The determined peak 
positions are also red-shifted significantly from that of AgNCs in a dilute solution due to 
the hybridization of the nanocube LSPR modes with the image charges and surface 
plasmons of the gold substrate, as has been documented in literature.99 
Although coupled nanocubes display a higher reflectance minimum than that of isolated 
nanocubes, the associated blue-shift away from the slit modes and the resonance 
broadening are both beneficial for broadband absorption.  The lower reflectance seen for 
the simulated coupled nanocubes compared to the experimental results can be attributed to 
the simulated nanocubes’ perfect monodispersity and shape as well as their exact 
periodicity compared to experimentally broader distributions. 
Electric field monitors for the reflectance minima peak wavelength of both 1-D 
interparticle spacings reveal the associated plasmonic modes (Figure 4.6).  As evident 
from these simulations, nanocubes with a 300 nm interparticle spacing are essentially 
isolated from their nearest neighbors and the spectrum is dominated by the nanocube-
substrate bonding modes.  On the other hand, both a 1-D 120 nm spacing and a slightly 
larger 2-D 150 nm spacing still exhibit a strong bonding mode but also permit weak 
coupling between neighboring nanocubes (Figure 4.6b).  In both the 1-D and 2-D cases, 
changing the orientation of the cubes with respect to each other does not significantly alter 
the spectrum or observed modes due to the nature of the weak, long-distance coupling 
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mode and the unaffected dominant bonding modes. In contrast, at much shorter 
interparticle distances, changing the orientation of the cubes would radically change the 
coupling mode and alter the spectrum as observed previously.54  As a result, lower 
maximum field enhancements and higher reflectance peaks are ultimately present in the 
coupled nanocubes due to the delocalization of the electric field and the destructive 
interference between the nanocube bonding and coupling modes.   
 Nanogroove-nanocube assemblies 
After having separately analyzed and characterized the expected individual nanocube and 
nano-grating modes, AgNCs were deposited on polymer-coated nano-grating substrates 
(Figure 4.2).  Because the grooves were designed to be narrow, nanocubes were expected 
to predominantly deposit along the top surface of the gratings.  SEM images indeed confirm 
a high density of cubes on the top surface for all substrates, although nanocubes are also 
Figure 4.6: Electric field enhancements for (a) nanocubes with an interparticle spacing of 
300 nm and (b) an interparticle spacing of 120 nm. Maximum theoretical enhancements of 
1600 and 600 exist at the bottom corners of the cubes for the respective interparticle 




present inside grooves with larger widths (Figure 4.7a).  For smaller widths, nanocubes 
are able to deposit on top of the grooves, resulting in an approximate 20% reduction in the 
grooves’ visible surface area (Figure 4.7b).  
In contrast to the trend seen for the individual nano-gratings where a decrease in groove 
width led to a slight decrease in reflectance, the grating-nanocube assembly reflectance 
significantly increases as the width decreases (Figure 4.8a).  This is thought to be due to 
obscuration of the grooves and the alteration of their plasmonic modes by the nanocubes 
when they are deposited on top of nano-gratings with small grooves.  Even though 
nanocubes can deposit into grooves of larger widths, this does not appear to adversely 
impact the grating mode due to the localization of the resonance around the top edges of 
the grooves (Figure 4.4). The relationship between the periodicity and the nanocube-
grating assembly reflectance spectra also deviated from that of the individual nano-grating 
spectra.  A clear increase in reflectance occurs with an increase of periodicity in contrast 
Figure 4.7: SEM images for 350 nm periodicity assemblies with groove widths of (a) 
100 nm and (b) 50 nm. Scale bars are 500 nm. 
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to the constant reflectance seen for the nano-gratings independently, implying that the 
deposition of nanocubes impacts the resonance of the nano-gratings which will be 
discussed subsequently (Figure 4.8b). 
The overall shape of the spectrum can be generally reproduced by multiplying the 
individual reflectance spectra together in accordance with Beer’s Law.264  The total 
absorption (A) in the assembly is a product of a scalar coupling efficiency α and the 
individual component resonances: 
 7W = X7YQWWZ8 + 7F[\8 − 7YQWWZ87F[\8 (13) 
Simulation of FDTD far-field power integrals of both the nano-grating and the nanocube 
reflectance monitors reveal that <5% of reflected light is scattered outside of the far-field 
Figure 4.8: (a) Reflectance spectra for cube-nanoslit assemblies of a fixed p of 350 nm and 
a varying w of 50 nm (black), 75 nm (red) and 100 nm (blue). (b) Reflectance spectra for 
grating-nanocube assemblies of a fixed w of 100 nm and a varying p of 350 nm (black), 
400 nm (red), and 450 nm (blue). 
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collection region when a numerical aperture of 0.3 is used (Figure A.4).  This finding is in 
accordance with the large angle-independent absorption expected for these structures that 
would rarely lead to large angle scattering. This finding is also supported by previous 
literature results, which suggest that the absorption occurring within the structures is the 
dominant factor for the observed reflectance spectra.234 If large angle scattering is therefore 
treated as negligible, the total reflection (R) can be expressed as: 
 ]W = 1 − X + X]YQWWZ8]F[\8 (14) 
For perfect coupling between the nanocubes and the nano-grating, the total reflection 
simply reduces to the multiplication of the individual resonances.  The wavelength range 
of 450-650 nm was used to calculate the coupling efficiency as approximately 0.93 based 
on Equation 14 (Figure 4.9).  These results suggest that less than one tenth of the total 
ideal resonance was eliminated through destructive interference between the separate 
modes, as seen by the only slight increase in reflectance when comparing the experimental 
and expected reflectance values below 650 nm to one another. 
Above 650 nm, the calculated spectrum deviates from that of the experimental spectrum 
due to a drastic red-shift and broadening of the nano-grating resonance after nanocube 
deposition.  Further studies are needed to exactly determine what this shift is due to, as it 
occurs for both nanocubes deposited only along the top surface as well as for nanocubes 
deposited along the top surface and into the grooves.  The absorption peak red-shifts even 
further for larger periodicities and causes the two resonance modes to effectively split, 
explaining the increase in reflectance associated with an increase in periodicity (Figure 
4.8b).  While this effect is not desirable for the assembly investigated in this study, it is 
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worth noting that such splitting could be used to assist in the design of other broadband 
absorber assemblies or plasmonic multi-bandpass filters.  
With a decreased periodicity and increased groove width leading to lower reflectance 
values, the largest broadband absorption of an average 84% from 450-850 nm 
(approximately 92% at 450 nm to 76% at 850 nm) was ultimately found for a grating-
nanocube assembly with 100 nm groove widths and a 350 nm periodicity (Figure 4.8).  
Over the same wavelength range, the individual components of the nano-gratings and the 
substrate-coupled nanocubes utilized in this study have much lower respective broadband 
absorptions of 65% and 49%, demonstrating a synergistic enhancement between the two 
Figure 4.9: Reflectance spectra for the grating-nanocube assembly with 100 nm groove 
widths and a 350 nm periodicity (black), the individual slit resonance (red), and the 
individual cube resonance (blue). The dashed curve shows the expected calculated 
spectrum for the cube-slit assembly with ideal coupling (α=1). 
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when they are combined in organized hybrid material structure with optimized match of 
their dimensions and coupling.   
This materials design achieves a higher or similar broadband absorption value compared 
to many existing ultrathin plasmonic absorber designs and is not limited by the constraints 
governing impedance-matching metamaterials that make them difficult to design for 
broadband absorption in the visible wavelength range.234, 236, 245, 249, 250, 261  The structure 
fabricated in this study also contains high electromagnetic field enhancements in the 
polymer dielectric layer, which may potentially be substituted for an active layer for 
photovoltaic or other energy conversion applications.23  Moreover, our materials design 
relies on a facile ambient conditions combination of patterned substrate with simple 
deposition on nanocubes from water surface and does not require complex shape profiling, 
combining multicomponent incompatible materials, or additional high temperature post-
treatment.  Lastly, it is worth noting that most broadband absorber designs to date use a 
plasmonic film or mirror to eliminate transmission and to introduce coupling effects.  In 
contrast, the narrow slit arrays discussed in this study can be possibly integrated into many 
existing designs for increased absorption properties.   
4.4 Conclusions 
In conclusion, this study proves the feasibility of engineering a broadband absorber by 
selectively combining multiple plasmonic resonances that spectrally and spatially 
complement one another.  We demonstrated a high level of broadband absorption in the 
visible range for a metal-dielectric-metal nanostructure based on the principle of 
constructive plasmonic resonances.  In particular, this design is aided by the non-
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destructive overlap of two LSPRs compared to the case of combining LSPRs and 
periodicity-dependent SPPs which may lead to the disruption of the individual modes.119  
In this case, AgNCs were separated by a gold nanoslit substrate by a thin polymer dielectric 
layer.  The multiplicative enhancement created from these two resonances achieved a high 
average absorption of 84% from 450-850 nm for p-polarized light. Although this structure 
relies on p-polarized light to achieve high absorption, unpolarized light may be utilized 
instead by fabricating 2-D grid structures instead of 1-D grooves. Nanostructure assemblies 
such as this one may be useful for many optical applications in fields such as photovoltaics 
and thermophotovoltaics where broadband absorbance is necessary.  Further enhancements 
to this design may be possible with the guided assembly of cubes at particular locations or 




CHAPTER 5.  SILVER NANOCUBE AGGREGATION GRADIENT 
MATERIALS IN SEARCH FOR TOTAL INTERNAL REFLECTION 
WITH HIGH PHASE SENSITIVITY 
5.1 Introduction 
AgNCs as active plasmonic components of materials and coatings have gained much 
attention recently because of their complex plasmonic properties and coupling phenomena 
in comparison with spherical nanoparticles.256 The flat facets of a nanocube in close contact 
with a dielectric substrate allow hybridized plasmonic modes to appear due to the 
interference of dark and bright modes.98 Chemical and biological sensors based on this 
effect could result in outstanding sensitivity in aggregated systems.262, 265 Further potential 
advantages such as fluorescence enhancement,266, 267 waveguide modes,268 electrically 
tunable plasmonics,269 and ideal absorbance235 have been observed in complex materials 
systems with strong coupling between the nanocubes and a supporting metallic film or 
grating separated by an ultrathin spacer layer.270, 271 To form an ideal light absorber in a 
broad range, the reflection and transmission must be controlled, which could result in 
improved efficiency, for instance, in thin film solar cells.23 A general concept of 
topological darkness has been established which is based on local plasmonic field 
enhancements and the phase change of the interacting light.272 In other words, a zero 
reflectance (ideal absorber) material yields sharp phase changes,273 which allow the film-
coupled nanocubes (on a dielectric or on a metallic film) to be used in two important fields: 
super absorption and phase-sensitive sensing. 
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Theoretical studies predict the super absorption of a single layer of well-spaced, 
periodically arranged noble metal nanoparticles.274 Experimental studies from the Fery 
group show a substrate-supported technique, which enables the fabrication of periodic, 
well-spaced, and large-area nanoparticle systems at low costs.275 Recently, the Käll group 
has realized complete light annihilation for a narrow bandwidth and for a specific 
polarization with gold nanodisks fabricated by hole-mask colloidal lithography.276 In order 
to achieve a broadband and polarization independent super absorption234 it is necessary to 
use self-oriented nanocubes54 with a bottom-up fabrication technique. Consequently, the 
challenge is to build an active coating with well-spaced nanoparticles and with control over 
the aggregation type, which enables light trapping on the length scale below the diffraction 
limit for large areas. 
Few investigations have been done for low surface coverage of metallic nanoparticles 
randomly distributed on a transparent substrate (<25%). This ultra-thin coverage with 
metallic nanoparticles shows manifold critical-coupling conditions compared to a solid 
metallic film. So far, the critical optical properties of aggregations and their relative 
orientation in respect to the plane of incidence have not been investigated. Therefore, we 
used a bottom-up, lithography and template-free, and easily scalable LB deposition to 
design AgNC aggregation gradients on a large centimeter scale area of solid substrates. 
The nanocubes were deposited on a quartz slide in the form of optical strip with 
controllable (step-wise) surface coverage to obtain multiple plasmonic resonances which 
originate from the different nanocube aggregation types. Relatively uniformly spaced 
AgNCs with different types of aggregation allows to obtain active hybrid coatings with 
absorption of virtually all incoming light, which occurs with a high phase shift. 
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5.2 Experimental Details 
Step-wise assembly of AgNCs on quartz substrate via the LB method: A KSV2000 LB 
minitrough filled with Nanopure water (18.2 MΩ cm) at room temperature was used for 
LB deposition. The surface pressure was measured with a platinum Wilhelmy plate 
attached to a pressure sensor. The quartz slides (CGQ-0640-01, 75 × 25 mm) were 
purchased from Chemglass Life Sciences. The quartz slide (cleaned with acetone and by 
O2 plasma etching for 1 min at 100 µTorr (0.13 mbar)) was submerged into a water phase 
prior to the formation of a monolayer. The stock solution of PVP-coated AgNC in water 
(1 mL) was diluted to 10 mL using deionized water (18.2 MΩ cm) in a conical-bottom 
glass centrifuge tube. The AgNCs were separated by centrifugation for 30 min at 4000 rpm 
and subsequently washed in a similar manner with EtOH–H2O (10 ml, 1/1, v/v) and EtOH 
(10 mL). Finally, the residue was suspended in CHCl3 (2 mL) and used within 1 h for LB 
deposition. 
The Langmuir monolayer of AgNCs was then compressed at a rate of 5 mm min−1 to reach 
a surface pressure of 1 mN m−1. The monolayer was transferred onto quartz slide at the air-
water interface by pulling the substrate up vertically at a rate of 1 mm min−1. After a vertical 
distance of 15 mm of deposition, the AgNC monolayer was compressed further at a rate of 
5 mm min−1 to reach the surface pressure of 4 mN m−1 and was transferred onto next 15 
mm of the quartz slide by pulling the substrate up vertically at a rate of 1 mm min−1. The 
same procedure was repeated at the surface pressures 8 and 12 mN m−1 in order to create 
step-wise gradient in vertical direction (Figure 5.1). Since both sides of the quartz slide 
were coated with a monolayer, one side and the edges were carefully cleaned with acetone 
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to remove the AgNCs on that side. All samples were stored in a vacuum desiccator before 
characterization. 
Spectral ellipsometry and TIR measurements: We employed a CaF2 prism (25 mm base, 
right angle, uncoated) purchased from Thorlabs for TIR ellipsometry measurements. A 
single drop of diethylene glycol was applied to the bottom of the prism as immersion oil 
where the opposite (uncoated) side of the AgNC covered quartz slide made contact. Care 
was taken with proper coverage of immersion oil to ensure no air gaps occurred at the 
prism-slide interface. The prism-oil-slide setup was mounted on the ellipsometer stage with 
the AgNC coating facing down, making no contact with the stage (Chapter 5 Supporting 
Figure 5.1: AgNC aggregation gradient fabricated with step-wise LB deposition on a 
macroscopic quartz glass slide. Experimental setup (a) and optical image of the aggregation 
gradient (b: left) and corresponding representative AFM images from different regions (b: 
right). Optical characterization in TIR was conducted from the backside. Arrows are 
defined in respect to the plane of incidence: wave vector (k), electric field vector for p-
polarized (blue) and s-polarized light (red). 
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Information). As a control, an uncoated quartz slide was measured for every incident angle 
and polarization measurement. 
Statistical analysis of AgNC aggregates: The surface coverage and aggregate fraction of 
samples were calculated from AFM images using ImageJ particle size analysis. A color 
threshold filter was used to produce a binary image that considered any cluster of 
nanocubes touching as a single particle with a corresponding measured area. Only the 
pixels highlighted by the color threshold filter were included in area measurements to 
account for any holes from large nanocube aggregations. From the binary image, both 
nanoparticles entirely within the image frame and those on the edge were considered for 
surface coverage calculations. To correct for artificially larger particle sizes introduced by 
the AFM tip convolution and image processing (e.g. color threshold filter), the average 
area for a single nanocube for a given image was calculated and divided by the average 
area for a single nanocube of 3025 nm2 (as measured by TEM). Thus, adjusted values for 
surface coverage and number of AgNCs per square micron were computed. In order to 
calculate the fraction of particle aggregation type, the same binary images of particles 
previously mentioned were utilized. However, nanoparticles along the edges that were only 
partially visible in the AFM image frame were excluded from particle size analysis since 
the aggregation type could not be known. The resulting data were binned into X-mers by 
area in nm2. Any counted nanoparticle under 3000 nm2 was disregarded as an image 
artifact. Any particles in the range of 3000–9000 nm2, 9000–15 000 nm2, 15 000–21 000 
nm2, 21 000–30 000 nm2, 30 000–39 000 nm2, 39 000–48 000 nm2, and larger than 48 000 




Hyperspectral measurements: In order to directly compare simulation results for AgNC 
aggregates to experimental ones, AgNCs were spin-cast in a dilute solution to more easily 
identify specific aggregates and single cubes. The solution from previous steps was diluted 
by a factor of 10 in chloroform and spin-cast on a quartz substrate at 2000 rpm. We used 
these samples for analysis of individual spectral signatures because the concentration of 
AgNCs from LB deposition is too high to clearly separate individual nanoparticles and 
aggregates. AFM was used to spatially characterize the AgNCs and identify individual 
nanoparticles and types of aggregates while hyperspectral microscopy enabled the 
collection of spectra from single nanoparticles and aggregates. 
About 20 pixel spectra were collected from individual aggregates and averaged to obtain 
aggregate spectra. Roughly, 25 000 pixel spectra were collected for an averaged monomer 
spectrum. All experimental spectra were smoothed with an adjacent averaging window of 
15 points (17 nm wavelength span) in order to eliminate instrumentation effects. 
FDTD simulations: For the modeling, the edge-rounding factor was estimated to be 25%. 
The refractive index of the quartz glass substrate purchased from Chemglass was measured 
with a spectroscopic ellipsometer (Figure B.1a). We included the glass substrate below 
the nanocubes and the stabilizing layer (PVP coating) as shown in Figure B.1b. 
For silver permittivity, we used material data from Hagemann et al. (CRC 
approximation).229 We found a much better agreement with our experimentally measured 
extinction spectra by using the permittivity from the CRC approximation instead of the 
more commonly used source from Johnson and Christy (JC).277 The significant difference 
between JC and CRC is the lower imaginary component of the permittivity for the JC data, 
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which can be attributed to geometrical effects as Shalaev et al. have reported.278 Reflection 
simulations were conducted with Bloch boundaries in the lateral directions at TIR angles 
instead of PML boundaries. 
5.3 Results and Discussion 
 Silver nanocube aggregation gradients 
We fabricated AgNC aggregation gradients in the form of optical strips with step-wise 
changes in surface coverage with the help of a conventional LB technique as described 
above (Figure 5.1). After spreading the nanocubes on the water-air-interface and applying 
minimum pressure, the nanocubes were mostly separated as monomers (individual 
nanocubes). As seen from optical images and AFM images, the surface coverage increased 
in a step-wise fashion with an increase in the applied surface pressure from top to bottom 
(Figure 5.1b). Increasing the pressure, the cubes begin to aggregate, preferentially face-
to-face, as has been shown in solution by Klinkova et al.279 We found no evidence for a 
preferred orientation of the aggregations on the LB trough or on the quartz slide, which 
would result in grating effects or polarization dependence at normal incidence (Figure 
B.2). Consequently, we consider the AgNC aggregations as randomly distributed on the 
quartz slide. 
We quantified the apparent increase of nanocube aggregations and the increase in surface 
coverage up to 20% with an increasing surface pressure in Figure 5.2a. The fraction of 
aggregation type as evaluated from image analysis shows a decrease of monomer content 
and a corresponding increase of dimers, trimers, tetramers, pentamers, and hexamers, 
and n-mers when the surface pressure is increased up to 12 mN m−1 with multiple aggregate 
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types dominating at higher surface pressures (Figure 5.2b). Statistical errors are included 




 The role of materials parameters in total light annihilation 
The TIR regime occurs at an angle of incidence beyond the critical angle of incidence of a 
quartz glass-air-interface (>43°). The definition of p-polarized light (electric field vector 
in the plane of incidence) and s-polarized light (electric field vector perpendicular to the 
plane of incidence) is included in Figure 5.1a. More details about the optical setup can be 
found in the Experimental section and Figure B.3. The elliptical spot size of the instrument 
is 5 mm in diameter to ensure the scalability and the large-scale usability of the AgNC 
aggregation gradient. Optical light annihilation, which includes minimum reflection and 
Figure 5.2: (a) Surface coverage and the fraction of monomers vs. LB surface pressure. (b) 
The fraction of each aggregate type in different regions with variable surface pressure. 
91 
 
transmission, occurs at a specific frequency, polarization, and angle of incidence, and a 
significant challenge is to make it independent of these parameters.23, 276 Before we go into 
details of the normalized reflection coefficients Rp and Rs, the measurement of the 
ellipsometric parameters ψ (amplitude component) and ∆ (phase difference) summarize 
the optical response of the fabricated coatings (Figure 5.3).  
The ellipsometric parameters are defined through the complex reflectance ratio rp/rs = tan
ψei∆ where rp = Ep/Ei and rs = Es/Ei are the amplitude reflection coefficients for parallel (p) 
and perpendicular (s) polarized light relative to the plane of incidence. Index i indicates the 
electric field of the incident light. The normalized reflection R is defined as reflected 
intensity scaled by incident intensity. From the complex reflectance ratio, it follows 
that ψ goes to zero any time rp goes to zero and ψ goes to 90° any time rs goes to zero. 
Based on these definitions, we observe in Figure 5.3a that the reflected p-polarized light 
goes to a minimum at ∼400 nm and the reflected s-polarized light goes to zero at ∼420 nm 
Figure 5.3: Spectral ellipsometric measurements in TIR for ψ (a) and ∆ (b) observed at 
surface pressures between 1 mN m−1 and 12 mN m−1. 
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and 600 nm. These wavelengths are related to specific plasmonic modes of the higher 
dipolar plasmonic mode (300 nm),123 the anti-bonding mode (∼400 nm), the bonding mode 
(∼420 nm)98, 262 and the aggregation mode (600 nm).269 Each LSPR occurs with a change 
in the phase, which can be seen from the significant slope change of the phase difference 
as presented in Figure 5.3b. A significant phase shift is of particular interest for a phase-
sensitive plasmonic detection and is the highest here for a deposition surface pressure of 8 
mN m−1.280 The ellipsometry spectra can be deconvoluted into specific plasmonic modes 
to discuss the nature of their origin. 
 Optical response at normal incidence of the silver nanocube aggregation gradient 
To understand the optical response of AgNC aggregates and their role in light annihilation, 
a detailed discussion of their measured and modelled extinction spectra is necessary 
(Figure 5.4). All extinction spectra of the AgNCs on a quartz glass substrate show a typical 
signature of the optical interband transition at 312 nm.281 An AgNC with a 54 nm edge 
length, rounded edges/corners, and suspended in a homogenous medium shows four 
dominant dipolar plasmonic modes (Figure 5.4b). Between the energetically lowest mode 
(dipolar mode) and energetically highest mode, which is located above the interband gap 
of silver (300 nm), the missing two modes appear as a left shoulder of the dipolar 
mode.123 If the nanocube is in close contact with a dielectric substrate, the dipolar mode is 
hybridized into a bonding mode (405–410 nm) and an anti-bonding mode (380 nm).98, 262  
The coupling of two AgNCs in close contact (2 nm) might result in a so-called peak 
splitting.92, 282 Such splitting was not clearly observed in conventional absorption spectra 
but can be detected with spectra from individual aggregation types (Figure 5.4a). The 
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additional broad peak within 580-645 nm appears for aggregated nanocubes (Figure 5.4b). 
The position and the width depend upon aggregation conditions and it can be represented 
as a weighted superposition of plasmonic modes resulting from self-assembled cubes with 
different chain lengths.262 Theoretical simulations of specific plasmonic contributions from 
nanocubes aggregations at an inter-particle spacing of 2 nm with different chain lengths 
allows the deconvolution of the experimental aggregation peak into contributions from 
dimers, trimers, tetramers, pentamers, and decamers and thus analysis of the extinction 
properties of different individual chain-like aggregates (Figure 5.4b). For particle 
aggregates from chains longer than two particles, the energetically lowest mode is called a 
super-radiant mode, whereas all energetically higher modes are called sub-radiant modes 
(Figure 5.4b).283, 284 The shift of the super-radiant mode converges with an increasing 
particle chain length to a specific wavelength in the far infrared, which is typically reached 
for aggregates from 10 particles.285, 286  
Figure 5.4: Experimental extinction cross-sections for LB monolayers deposited under 
different surface pressures (a) and simulations of different aggregation types at an inter-
particle spacing of 2 nm (b). 
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Experimental evidence for the peak splitting and shifting can be found in hyperspectral 
imaging (dark field) in combination with AFM imaging of the same surface area, which 
allows for precise identification of specific aggregates and their spectral signatures (Figure 
5.5a). To compare the dark field measurements (Rayleigh scattering) with the simulated 
results of different types of AgNC aggregations, we included all scattering cross-sections 
in Figure B.4. For example, for a selected dimer aggregate which is identified by spectral 
mapping and an AFM image from the same area, the local spectrum clearly shows the 
splitting phenomenon which is predicted by the simulated scattering cross-section (Figure 
5.5b). Other combinations of nanoparticles into different types of aggregates result in 
significant shifts in plasmonic peak positions that contribute to the appearance of a 
broadband cross-section for nanocube coatings. Overall, as seen from the experimental 
spectra, AFM images, and statistical analysis, nanocube coatings with specific inter-
particle spacings, the number of nanocubes present in individual aggregates, and 
aggregates with different chain lengths can all be adjusted by varying the surface pressure 
and transitioning from a gas- to liquid and then to ordered state within the LB monolayer. 
 Separation of p-polarized and s-polarized reflected light components 
An exposure of the AgNC gradient coatings to polarized light under TIR conditions allows 
the study of different optical responses which are dependent on the electric field 
polarization vector (Figure 5.6). For instance, in a thin metallic film, SPPs can be excited 
under specific mode matching conditions, such as using the proper wavelength or angle of 
incidence.287 The electric field component in the plane of incidence (p-polarized) has to 
match with the collective electron oscillation in the metal to excite the plasmonic 
resonance. At the same time, the s-polarized component remains unaffected. In the setup 
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discussed here, the AgNC aggregations are sensitive to both polarization states. Reflection 
measurements in p-polarized TIR (Figure 5.6a) show a clear signature of higher plasmonic 
mode (300 nm), hybridized modes (∼400 nm) and a slight response from nanocube 
aggregations (550 nm). On the other hand, the s-polarized TIR shows a similar response 
with a very pronounced absorption for the aggregation mode ∼650 nm (Figure 5.6b). This 
absorption behavior correlates with the surface coverage controlled by the surface pressure 
and reached its optimal absorption at a surface pressure of 8 mN m−1 (about 20% surface 
coverage). The dependence of the TIR optical response on the surface pressure and 
Figure 5.5: (a) Optical image of area selected for hyperspectral measurements (dark field, 
DF) of an AgNC dimer with AFM image overlay detailing exact composition of particle 
aggregates analyzed and (b) hyperspectral data for a selection of different types of 
aggregations that demonstrates resonant peak splitting as predicted by simulation for 
nanocube dimer (dashed line). 
96 
 
consequently the fraction of cube aggregates suggests that the orientation of the aggregates 
relative to the plane of incidence is of particular importance.  
We have to point out that the nanocube aggregates on the substrate are randomly distributed 
at different surface pressures. However, electromagnetic simulations allow the distinction 
between two local orientation states, which are shown in Figure 5.7. We define the two 
orientation states as horizontal and vertical in respect to the plane of incidence. The optical 
response is fully described with these two orientation states. Both reflection spectra for a 
Figure 5.6: Normalized reflection of the nanocube aggregation gradient observed for p-
polarized (a) and s-polarized (b) light at a fixed 45° angle of incidence. 
ig re 5.7: Optical setup of two aggregation orientations and simulated reflection for 
monomer, dimer, and trimer assembly. (a) Geometric axis of the cube assembly parallel to 
the plane of incidence (horizontal orientation) and (b) perpendicular to the plane of 
incidence (vertical orientation). The angle of incidence is constant at 45°. The arrows 
indicate the wave vector (k) and the electric field vectors for p-polarized (blue) and s-
polarized light (red). 
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monomer reveal the same plasmonic response where for s-polarized light the minimum is 
achieved more readily (Figure 5.7a). The reflectance minimum value for p- and s-
polarized light (both at 410 nm wavelength) is 0.07 and 0.02, respectively. As expected, 
simulations of dimers and trimers with s-polarized light confirm the experimentally 
measured broadband absorption of the aggregation peak. Furthermore, both the dimer 
aggregation and square aggregated tetramers contribute to the spectra. In previous work, 
we deconvoluted the extinction spectra of AgNC aggregates, which are located on a glass 
substrate in detail.262 It is worth noting that a square aggregated tetramer shows the same 
longitudinal signature as a dimer but differences could be found in the cross-section 
intensity, which are doubled for a square aggregated tetramer compared to a dimer. The 
simulated reflection dip of the aggregation peak is not as smooth as observed 
experimentally, which can be explained by the selective simulation of two aggregates and 
a fixed inter-particle spacing. Our simulations suggest that the s-polarized component is 
sensitive to the type of aggregations (mode matching). However, under real experimental 
conditions, a combination of factors, such as the aggregation type varying from dimers to 
pentamers (and even higher), different observed inter-particle spacings, and averaging over 
large surface areas smooth out the individual plasmonic responses but still show major 
differences in polarization-dependent absorption of different nanocube coatings (Figure 
5.7). 
The mode matching with s-polarized light and the vertical orientation of the aggregates can 
be explained by the nature of the electric field vector of s-polarized light (Es). The absolute 
value of the s-polarized vector is always constant, whereas the parallel component of the 
p-polarized vector changes with the angle of incidence. For instance, in SPPs, the parallel 
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component at the interface (p-polarized) is responsible for the excitation of the plasmonic 
resonance. Consequently, the plasmonic resonance can be tuned by the angle of incidence 
at a fixed wavelength.288 Here, we have a match of the s-polarized component with the 
AgNC aggregation, when the electric field component is parallel to the geometric axis of 
the aggregate. In other words, the plasmonic resonance of the s-polarized light in TIR is 
tuned by the type of aggregations. As shown in Figure 5.3, we observe plasmonic 
resonances that are excited either by p-polarized or s-polarized light which are triggered 
by the AgNC aggregations. These results could lead to new phase-sensitive detectors, 
which are sensitive for both polarization states (enable a higher lateral resolution) as 
discussed in the following section. 
 Silver nanocube aggregation gradient for tunable broadband light absorption 
Figure 5.8a shows the reflectance of an assembled AgNC aggregation gradient for 
broadband light absorption at different angles of incidence. We chose the best broadband 
absorption sample transferred to the quartz substrate at 8 mN m−1 surface pressure, which 
corresponded to a 20% surface coverage. The signatures of the various plasmonic 
resonance modes are clearly visible, whereas the plasmonic modes around 400 nm slightly 
increase in reflectivity and the aggregation peak red-shifts with an increasing angle of 
incidence (45, 50 and 60°). The same trend was also observed in the electromagnetic 
simulations for a dimer in horizontal and vertical orientations (Figure 5.8b). Furthermore, 
with simulations we can clearly distinguish between the absorption originated from the 
horizontal and vertical orientation of a nanocube dimer. Consequently, we found that the 
absorption of the aggregate mode at s-polarization can be tuned by 64 nm per 10° angle of 
incidence. These properties could be selectively used with anisotropically oriented 
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nanoparticles, which could be fabricated with template-assisted self-assembly 
methods.289 The absorption at a high angle of incidence is interesting for solar cell 
applications, particularly for capturing the sunlight in the evening and during cloudy 
days.290  
5.4 Conclusions 
In conclusion, we fabricated gradient-like monolayer coatings of AgNCs with varying 
amounts of aggregates (surface coverage from 5 to 20%) and studied their variable light 
reflection properties. The plasmonic modes of monomers and aggregates were analyzed 
experimentally using hyperspectral imaging and were confirmed with FDTD simulations 
to be an assortment of hybridized, higher dipolar, and aggregate modes. TIR measurements 
as well as FDTD simulations established that an increase in aggregates along with a 
Figure 5.8: Experiment and simulation of a broadband total light annihilation shown at 
different angles of incidence and fixed s-polarization. (a) Experimental measured reflection 
for the optimal sample with 20% surface coverage (8 mN m−1). (b) Simulations are 
constrained to dimers in horizontal and vertical orientations only. 
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gradually changing surface coverage of AgNCs allows for the control of the absorption of 
the incoming light over a broad optical spectrum. Moreover, AgNC aggregates were found 
to be polarization sensitive and excited different plasmonic resonances based on their 
relative orientation to either incident s- or p-polarized light. In particular, the s-polarization 
showed a high sensitivity of the aggregate plasmonic resonance to the angle of incident 
light (64 nm shift per 10° increase of the angle of incidence) and also contributed to a 
broadband high absorption of 80% of the incoming light over a broad optical range from 
400 nm to 700 nm. These large-area variable optical coatings may be of particular interest 
for broadband light absorption and phase-sensitive sensing for large-area (centimeter scale) 




CHAPTER 6.  THE EFFECT OF PLASMON RESONANCE 
COUPLING IN P3HT-COATED SILVER NANODISK 
MONOLAYERS ON THEIR OPTICAL SENSITIVITIES  
6.1 Introduction 
Single nanoparticles are often used in order to facilitate controllable and reproducible 
systems because plasmon coupling between adjacent nanoparticles can lead to undesired 
resonance shifts.256, 291-295  However, mesoscale arrays of nanoparticles have previously 
been shown to possess unique optical properties not present in monomers or individual 
aggregates such as dimers.231, 296, 297  While electron-beam lithography has been used to 
generate finely controlled, coupled nanoparticle arrays, this fabrication method is time-
consuming compared to bottom-up assembly methods.298, 299  LB has successfully been 
used to create large-area, well-ordered monolayers of nanoparticles and tightly controlled 
interparticle interactions.63, 219, 300  By varying the surface pressure, the interparticle spacing 
of nanoparticles within an LB monolayer deposited on a substrate can ultimately be 
controlled on a large scale, thus providing a means for control of its plasmonic properties.  
Coupled modes between nanoparticles while used profusely in the demanding applications 
such as SERS for their hotspot-controlled properties, remain relatively understudied in 
other applications due to the difficulty in fabricating organized nanoparticle arrays in a 
bottom-up manner with predictable and controllable optical properties. 
Several studies to date have focused on the use of nanoparticles as optical switches when 
used in conjunction with media that respond to applied external stimuli such as a pH 
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change, UV illumination, or an electric potential.301-306  For instance, photochromic azo-
benzene molecules undergo a cis-trans conformation change when exposed to UV 
illumination, which ultimately causes a change in the refractive index of films containing 
these molecules and a resultant peak wavelength shift of the LSPR of any embedded 
plasmonic nanoparticles.307  Of the different types of stimuli-responsive mediums, those 
sensitive to applied electric potentials offer several advantages.  For instance, 
electrochromic polymers (ECPs) react to a change in electrical potential very quickly as 
opposed to photochromic materials that may take longer to physically change their 
conformations upon UV illumination or, more commonly, thermal relaxation to the initial 
state.308-310 
Electroactive materials may also be more easily integrated into existing applications and 
devices compared to materials that require pH or illumination changes.  Several different 
types of electrochromic polymer and nanoparticle combinations have been considered to 
date for plasmonic electroactive devices.298, 299, 311-313  Conjugated polymers such as PANI 
or polythiophenes (PTs) exhibit a refractive index change in the visible wavelength regime 
that can overlap with the LSPRs of gold or silver nanocubes or nanorods for instance.314  
Ideally, the LSPR of a single nanoparticle is at the wavelength that sees the largest shift in 
the refractive index of the polymer as the two are directly related by Equation 4.315, 316 
Assuming that d is significantly larger than ld, it can be seen that ∆λmax is directly 
proportional to ∆n by m, meaning the RIS can be directly evaluated if the LSPR peak shift 
and change in refractive index are both measured independently.   
This study therefore aims to investigate the coupling of AgNDs in LB monolayers after 
being deposited on substrates at various surface pressures and deposition scenarios.  
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AgNDs were chosen for their relatively narrow LSPR bands, which arise due to their single 
dipole modes in the visible spectrum, and for their plasmon tunability over the entire visible 
spectrum.317  Additionally, their nanoscale thickness of about 10 nm enables thinner 
responsive polymer layers to be used that are able to switch faster and do not dominate 
extinction spectra with their absorption.  In contrast, nanoparticles such as nanocubes can 
exhibit multiple modes, significant broadening and peak splitting at longer LSPR 
wavelengths.  A previous study reported full-width half-maximum (FWHM) values of 194 
nm for gold nanoprisms and 119 nm for gold nanodisks on substrates while the AgNDs 
used in this study had a FWHM value of 147 nm when deposited on substrates.318   
The readily available electroactive conjugated polymer poly(3-hexylthiophene-2,5-diyl) 
(P3HT) was utilized as a variable refractive index medium for AgND monolayers due to 
its large electrically modulated and reversible refractive index change above the 600 nm 
Figure 6.1: (a) LB isotherm of AgNDs with estimated Le-G, Lc-Le, and S-Lc 
regions. Insets show SEM images of samples deposited at surface pressures of 6 
mN/m and 2 mN/m. (b) Schematic of a P3HT-coated AgND monolayer on an ITO 
substrate with an applied voltage for electrical optical control. 
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wavelength during the transition between its reduced and oxidized states.  AgND 
monolayers were deposited on ITO electrodes in the liquid expanded-gaseous (Le-G), 
liquid condensed-liquid expanded (Lc-Le), and solid-liquid condensed (S-Lc) phases 
during both compression and decompression with and without an applied electrical 
potential (Figure 6.1a).  Then, a 25 nm-thick P3HT layer was spin-cast on top of the AgND 
monolayers to form an electroactive assembly in order to test the ability for electrically-
controlled coupling phenomena (Figure 6.1b).   
Using this platform, we first showed that the LSRP peak position of bare AgND 
monolayers is correlated to the LB monolayer state and the method they are deposited in.  
Moreover, a large and reversible, 26 nm, electrochemically-controlled LSPR shift was 
demonstrated for P3HT-coated AgND monolayers deposited in the Lc-Le phase, which is 
on a similar scale to previous LSPR modulators utilizing different ND arrays.302, 319  Lastly, 
we showed a strong correlation of the reversible, electropotential-controlled LSPR shift 
and RIS of P3HT-coated AgND monolayers with the LB phase they are deposited in. 
6.2 Experimental Details 
Sample preparation: AgND monolayers were deposited on ITO and silicon substrates at 
relative surface pressures of 0, 2, 4, 6, and 16 mN/m from low-to-high surface pressures 
(compression) and high-to-low surface pressures (decompression).  P3HT was dispersed 
in a chloroform solvent at a concentration of 0.25 wt% and then spin cast on top of the 
AgND monolayers on ITO substrates at 800 rpm for 50 seconds.  Finally, P3HT-coated 
AgND monolayers were annealed at 60 °C for 10 minutes before measurements to remove 
residual solvent.   
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Optoelectronic switching: Electrochemical switching experiments were carried out using 
a two-electrode electrochemical oxidation system.  Two ITO substrates (0.5x 5 cm) were 
immersed in an electrolyte solution of 0.1 M LiClO4 (Sigma-Aldrich) inside a 1 cm x 4 cm 
quartz cuvette. One served as the counter electrode while the other was coated with mixed 
P3HT-coated AgND monolayers.  A power supply was used to apply a total cell electrical 
potential of 500 mV.  The P3HT thin film on the surface of the ITO electrode was oxidized 
by connecting it with the positive pole of the power supply and subsequently, the oxidized 
P3HT film was reduced by switching the polarity of the power supply (Figure 6.1b).  For 
multiple electrochemical oxidations and reduction cycles, the P3HT electrode was 
switched between the positive and negative poles of the power supply with an applied cell 
potential of 500 mV.   
Characterization: UV-Vis spectra of AgNDs and P3HT-coated AgND monolayers on ITO 
substrates were measured using the Ocean Optics HR4000Cg-UV-NIR from the 
electrochemical switching experiments.  UV-Vis spectra were smoothed with a 50% 
percentile filter and a 30-point adjacent averaging window to eliminate instrumentation 
artifacts. For spectroscopic ellipsometry measurements of reduced P3HT’s complex 
refractive index, 50 nm-thick P3HT films were spin cast on silicon wafers.  Oxidized 
P3HT’s complex refractive index was obtained by first exposing the film to iodine vapor 
for 5 minutes. 
Finite-difference time-domain simulations: Simulations were conducted with periodic 
boundaries, and AgNDs were modeled with a 40 nm diameter and a 10 nm height based 
on SEM and AFM measurements, with a PVP shell thickness of 2 nm on the sides of the 
AgNDs and 0 nm on the top based on previous results.35 To model the varying surface 
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coverages, the AgND configuration was approximated as a 2D centered rectangular lattice 
structure.   
6.3 Results and Discussion 
 AgND monolayers 
AgND monolayers were first deposited on ITO electrodes while being compressed from 
low to high surface pressures.  After zeroing the initial surface pressure of the nanoparticle 
solution (~1 mN/m), samples deposited at 0, 2, 4, 6, and 16 mN/m had corresponding 
surface coverages of 11.1, 11.9, 19.5, 33.3, and 57.6% based on ImageJ analysis of SEM 
images (Figure 6.2).  The average AgND diameter for all surface pressures was 
approximately 40 nm and respective average nearest neighbor (centroid-to-centroid) 
distances were 94, 89, 74, 56, and 42 nm for the relative surface pressures of 0, 2, 4, 6, and 
16 mN/m.  The surface pressures of 0 and 2 mN/m lie in the Le-G phase of the LB isotherm 
while 4 mN/m is in the Lc-Le phase and 6, 10 (not shown), and 16 mN/m are in the S-Lc 
phase (Figure 6.1a).  On these isotherms, there is no clear transition between the solid and 
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liquid condensed phases or between the liquid expanded and gaseous phases.320  Therefore, 
aggregate S-Lc and Le-G phases were defined for the purposes of this study.  
The corresponding UV-Vis spectra show that between 0 and 6 mN/m, the LSPR peak 
position incrementally shifts 22 nm from 644 nm to 666 nm (Figure 6.3).  From 6 to 16 
mN/m, the LSPR peak shifts an additional 104 nm, from 666 nm to 770 nm.  This behavior 
is well understood and can be attributed to the increased plasmonic coupling interactions 
that result in red shifted bonding modes in the AgND monolayer as the surface pressure is 
increased and as the distance between the AgNDs is decreased significantly.63, 99  In the S-
Lc phase, the LSPR peak rapidly changes with the surface pressure as AgND coupling 
interactions begin to dominate.  This rapid transition in the S-Lc phase occurs with the 
Figure 6.2: SEM images of AgND monolayers deposited at surface pressures of (a) 2, (b) 
4, (c) 6, and (d) 16 mN/m. Scale bars are 250 nm. 
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correlated interparticle gap spacing further decreasing from 16 nm to 2 nm as determined 
from the SEM measurements mentioned previously (Figure 6.2).   
In order to confirm experimental observations and view approximate electromagnetic field 
distributions, FDTD simulations were conducted by approximating the packing of the 
AgND monolayers as a periodic 2D centered rectangular lattice comprised solely of 
circular disks (Figure 6.4a).  Furthermore, for each surface pressure, the corresponding 
surface coverage of the AgNDs was measured and used to calculate the average 
interparticle distances, which were used to construct the lattice.  Finally, the extinction 
curves of the periodic lattices were scaled by a normalization factor to account for their 
different lattice areas.  The simulated peak positions agree well with the experimental 































spectra, despite a slight blue shift of approximately 10 nm in all spectra; this observation 
can most likely be attributed to the unrealistic periodic lattice structure and homogeneous 
shape of the simulated AgNDs, as experimental nanoparticle packings are random in nature 
and the shape of the nanoparticle can vary.  For instance, the simulated monolayer 
fabricated at 0 mN/m has a centroid-to-centroid distance of about 100 nm compared to the 
experimentally lower 94 nm.  Electromagnetic field monitors at the peak wavelengths of 
the simulated 2, 6, and 16 mN/m samples confirm that the LSPR red shift can indeed be 
attributed to the increased coupling between adjacent AgNDs (Figure 6.4b, c, d).  Indeed, 
no coupling is seen for the simulated 2 mN/m monolayer with an interparticle spacing of 
100 nm, as seen by the monomer-like electric field intensity distributions that are confined 
around the individual AgNDs.   
Interestingly, the simulated 6 mN/m monolayer’s peak electromagnetic field intensity is 
actually lower than that of the 2 mN/m despite an apparent increase in coupling and an 
associated decrease in the interparticle spacing.  This decrease in electric field intensity 
may possibly be due to a diffuse and delocalized coupling behavior that may act to spatially 
distend the resonance, leading to weaker peak electric fields when compared with 
uncoupled AgNDs.63  At 16 mN/m, the coupling between AgNDs is very prominent once 
again and leads to higher localized electric field intensities than those seen for the 6 mN/m 
case.  However, it should be noted that this particular lattice facilitates hot spot formation 
between the center AgND and its surrounding neighbors.  In reality, highly packed, random 
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AgND monolayers will have delocalized plasmons as well due to the collective increase in 
nearest neighbors, although the number of hot spots may certainly increase.321 
AgND monolayers were also deposited in a decompressed manner by reducing surface 
pressures from high (16 mN/m) to low (0 mN/m) in order to investigate potential AgND 
monolayer morphology differences after prior compression (Figure 6.5).  To accomplish 
Figure 6.4: (a) FDTD-modeled UV-vis spectra of several surface coverages correlated 
with surface pressures. The inset depicts the simulated approximation of the disordered 
AgND packing with ordered cubic cells. LSPR peak E-field distributions are shown for 
surface pressures of (b) 2 mN/m, (c) 6 mN/m, and (d) 16 mN/m. 
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this, AgND solution was dispersed on the water subphase and allowed to equilibrate for 10 
min before the monolayer was then compressed to the high pressure of 16 mN/m.  AgND 
monolayers were then deposited in the reverse order from 16 mN/m (S-LC phase) down to 
0 mN/m (Le-G phase).  Interestingly, although the UV-Vis spectra are similar to the 
previous compression spectra in linewidth and shape there are some notable differences 
(Figure C.1).  The LSPR peak position is dramatically different for the two samples at 
different surface pressures in the Lc-Le and Le-G phases (Figure 6.5).  At the lowest 
surface pressure of 0 mN/m, the difference in peak position is as high as 60 nm, while the 
2 mN/m and 4 mN/m display respective LSPR differences of 25 and 18 nm.  Samples in 
the S-Lc phase of the LB isotherm (6 mN/m, 10 mN/m, and 16 mN/m) display little change 
in peak position in contrast.  A slight hysteresis effect can also be seen from the isotherm 
and surface coverage differences between the two types of LB deposition (Figure C.2).   



























Figure 6.5: LB surface pressure versus LSPR peak wavelength for compressed and 
decompressed LB deposition of AgNDs. 
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SEM analysis of AgND monolayers fabricated at the same surface pressure reveal that the 
AgND size and shape is unaffected by the change in deposition method. Similarly, 
interparticle distances are also unaffected. Therefore, the excess PVP surfactant used in the 
nanoparticle synthesis that is also present in the monolayers must undergo a nonreversible 
morphological change upon reaching a high surface pressure during compression.  It was 
also noted that the LSPR peak position of monolayer samples deposited in compression 
and decompression deposition modes remained unchanged even at low surface pressures 
if the surface pressure was not held constant at a high pressure for more than a few seconds, 
lending further support to the theory of a dynamic reconfiguration of a polymer.  
Indeed, high-resolution AFM images reveal a significant change in the AgND-PVP 
monolayer topography between compressed and decompressed cycles (Figure 6.6).  
However, the bound capping layer around the nanoparticles appears unaffected itself by 
the method of the monolayer fabrication.  The decompressed sample appears relatively 
pristine while the compressed sample is uniformly coated with excess PVP surfactant 
micelles, despite the solution being centrifuged and washed beforehand, which can be seen 
from both height and phase images.  As known, PVP at a water interface above its critical 
molecular concentration may form disk micelles due to its hydrophilic pyrrolidone side 
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group and its hydrophobic backbone.322  Micelles are expected to be mostly uniform in 
size, as they are in Figure 6.6, which also confirms that the PVP is forming micelles and 
not aggregates.  The clean AgNDs have an average height of 10.8 nm while the micelle-
coated NDs have an average height of 13.4 nm (Figure 6.7).  Thus, the micelles themselves 
have an average height of 3.8 nm, leading to the conclusion that micelles are only present 
on the top surfaces of the NDs.  Approximating the micelles as cylinders with a height of 
3.8 nm and a width between 10 and 20 nm based off AFM images suggests a small 
aggregation number of 5-15 PVP macromolecules per micelle.  A cross-section of the 
Figure 6.6: (a) The height and (b) phase of LB-decompressed AgNDs deposited at 2 
mN/m. (c) The height and (d) the phase of LB-compressed AgNDs deposited at 2 mN/m. 
Scale bars are 100 nm and the Z-scale is 15 nm for (a) and (c). 
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compressed monolayer sample was also conducted to eliminate the possibility of an 
underlying PVP layer as well (Figure C.3).   
We surmise that the free PVP micelles that are initially present using compressed 
deposition disappear as the surface pressure is increased to ~6 mN/m.  This transformation 
can be explained by PVP depletion into the water subphase from the air-water interface as 
the surface pressure is increased as they have smaller surface areas and greater 
hydrophilicity than the AgNDs and consequently, a lower effective collapse pressure.323 
Monolayers deposited using decompression correspondingly contain fewer PVP micelles 
at both low and high surface pressures, as the micelles have already depleted into the 
subphase and are unrecoverable.  























Figure 6.7: Cross-sections of individual AgNDs with and without micelles on the top 
surface (obtained from AFM images in Fig. S4). 
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This depletion into the sub-phase most likely occurs in the start of the S-Lc regime, with 
little LSPR peak change evident for the 6, 10, and 16 mN/m samples between compressed 
and decompressed deposition methods.  AFM images of samples at these surface pressures 
also reveal little difference in micelle morphology (Figure C.4).  These micelles may 
ultimately act to screen nanoparticles from one another, as seen from the smaller 
wavelength shift of the LSPR at low surface pressures, and may adversely impact the 
sensing and switching properties of the AgNDs as well.  Ultimately, micelles depleting into 
the sub-phase causes the composite medium’s refractive index within the mixed monolayer 
to decrease.  Indeed, PVP has a refractive index of ~1.42 while water’s refractive index of 
1.33 is lower.  Thus, partial replacement of PVP with water might result in a decrease in 
the refractive index by 0.05-0.08.  Such a change should cause a blue shift in the spectra 
accordingly.324   
 P3HT films 
As the next step, a conjugated polymer, P3HT, was used as an electroactive component to 
modify the local refractive index around the AgND monolayers and the subsequent LSPR 
shifts in a reversible manner.  As known, P3HT can be either reduced or oxidized by an 
applied electrical potential and thus, its absorption properties can be widely varied in a 
controlled manner.  First, a P3HT film was spin-cast on ITO glass to visualize the change 
in extinction upon applying an oxidation-causing electric potential.  Upon oxidation, the 
extinction can be seen to decrease below and increase above the isobestic point of 
approximately 635 nm (Figure 6.8a).   
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This change in extinction is indicative of a change in the complex refractive indices of the 
thin film, and changes in the real component, n, can be correlated with an LSPR shift of 
embedded plasmonic nanoparticles as seen by Equation 4.  Besides using an applied 
electric potential, chemical doping can also be used to oxidize electroactive polymers in a 
similar manner without the need for an electrochemical cell.325  Although chemical doping 
is not practical for many applications, this technique can be used to more easily characterize 
electroactive polymer films using spectroscopic ellipsometry.  
FDTD simulations of undoped and iodine-doped P3HT films using refractive index values 
from literature agree with the general trend of the experimental extinction spectra, although 
the change in extinction at higher wavelengths is significantly larger (Figure C.5).326  This 
difference may indicate that the P3HT films in this study do not oxidize completely with 
Figure 6.8: (a) Experimental extinction spectra for reduced and oxidized P3HT films.




the voltage range being used to avoid damage (-500 mV to +500 mV) and under these 
fabrication conditions.  Future studies may focus on nanoparticle-film systems that can use 
a wider range of voltages, as the AgNDs in this study oxidize at potentials above this range. 
Because of the disagreement between literature and experimental extinction spectra, 
ellipsometry was used to determine refractive indices for undoped and partially iodine-
doped P3HT thin films as well as ∆n between them under our fabrication conditions 
(Figure 6.8b).  The isobestic point for the partially iodine-doped P3HT films is at 605 nm 
while the electrochemically-switched films exhibit an isobestic point at 635 nm.  This small 
variation is to be expected as iodine doping can only be used as an estimate for 
electrochemical switching behavior.  Despite this difference, the absorption profiles are 
otherwise quite similar and give more accurate refractive indices than using fully-doped 
literature ones (Figure C.6).  Observed change in ∆n is negative for all LSPR wavelengths 
above 500 nm upon oxidation of the P3HT, meaning that the AgND monolayer LSPR 
should always blue shift with an applied potential after first being coated with P3HT.  The 
largest ∆n of -0.37 is located at approximately 610 nm and steadily decreases as the 
wavelength increases.  Because ∆n is not constant, the RIS of P3HT-coated AgND 
monolayers must be determined by normalizing the LSPR shifts to ∆n at their respective 






 Electrochemical switching of P3HT-coated silver nanodisk monolayers 
At the next stage, P3HT was spin-cast on top of the compressed AgND monolayers with 
an approximate 25 nm film thickness in order to ascertain the effects of plasmon coupling 
on the AgND monolayer LSPR modulation and RIS.  P3HT without AgNDs was used as 
a background for the resulting UV-Vis spectra in order to eliminate the polymer absorption 
(Figure 6.9).  Due to the different refractive index of P3HT from that of air for the uncoated 
monolayer, the LSPR peak red shifted 124, 116, 124, 122, and 82 nm for samples fabricated 
at 0, 2, 4, 6, and 16 mN/m.  The significantly lower 82 nm shift of the 16 mN/m AgND 
monolayer cannot be solely attributed to the lower refractive index of the polymer at higher 
wavelengths, and this discrepancy will be discussed further in the following section.  The 
presence of electrolyte solution is also seen to affect the LSPR wavelength of AgND 
monolayers.  Bare AgND monolayers exhibit an LSPR red shift between air and electrolyte 
media due to the difference in refractive index.  P3HT-coated AgND monolayer LSPRs, 


























however, demonstrate a blue shift as the medium is switched from air to electrolyte; this 
observation is due to the P3HT swelling in solution and the resulting lower refractive index 
contribution of the electrolyte (Figure C.7). 
P3HT was also deposited on the decompressed samples that displayed low polymer micelle 
concentrations (Figure C.8).  As expected, the decompressed monolayers displayed larger 
shifts (approximately 15 nm) of the resonance peak after polymer deposition for surface 
pressures between 0 mN/m and 4 mN/m due to the free polymer micelles being removed 
(Figure C.9).  At surface pressures of 6 mN/m and 16 mN/m, the LSPR shift is essentially 
the same for both the compressed and decompressed monolayers, lending further support 
to the suggestion that forced migration of the micelles into the water subphase occurs 
around the LB S-Lc phase transition during compression. 
After P3HT deposition on AGND monolayer, a 500 mV electric potential was then applied 
to the mixed P3HT-coated AgND monolayers in order to oxidize the P3HT component and 
consequently change the effective medium refractive index.  We suggest that the surfactant 
micelles seen in the compressed monolayer samples would result in a lower effective 
change ∆n experienced by the mixed AgND monolayers as well as greater separation 
distances of the P3HT from the AgNDs, which would result in greater electric field decay 
and less optical sensitivity.  These combined factors would cause a smaller LSPR shift for 
the compressed samples than for the uncompressed samples.  Indeed, a decompressed 
monolayer sample fabricated at 4 mN/m demonstrated an initial 26 nm shift compared to 
a compressed sample’s initial LSPR shift of 13 nm (Figure C.10).  As a result, further 
LSPR switching experiments were focused solely on the decompressed samples. 
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In order to test the long-time electrochemical stability of the AgND monolayers, five 
electropotential cycles with an amplitude of ±500 mV were conducted for a decompressed 
AgND monolayer fabricated at 4 mN/m (Figure 6.10).  As is apparent from the data, the 
changes are reversible, with the magnitude of the LSPR shift remaining approximately the 
same from 26 nm in the first cycle to 29 nm in the last cycle.  However, the LSPR 
wavelength blue shifted overall roughly by 10 nm during the course of the cycling.  This 
shift can be attributed to an instability of the AgNDs, as higher voltages caused the AgND 
monolayer to dissolve.  Since oxidation by itself of silver nanoparticles results in an LSPR 
red shift, the blue shift shown in Figure 6.10 must be attributed to a change in the actual 
shape of the NDs.327, 328  We suggest that the side walls of the AgNDs are prone to oxidative 
etching that results in the AgNDs becoming smaller and changing shape as an 
electropotential is maintained and cycles are repeated.329  Indeed, ±500 mV 



















Figure 6.10: LSPR position changes of P3HT-coated AgNDs upon applying ±500 mV 
electric potential cycles. Dashed lines indicate final LSPR peak positions of the reduced 
and oxidized states. 
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electrochemical cycles of just an AgND monolayer without a P3HT coating caused an even 
larger blue shift of 34 nm and a significant increase in the transverse LSPR peak intensity, 
thereby confirming our hypothesis (Figure C.11).  
The average LSPR shift of P3HT-coated AgND monolayers fabricated at different LB 
surface pressures, with an additional monolayer deposited at 5 mN/m, can be seen in Fig. 
11.  The absolute LSPR shift increases with deposition surface pressure from 0 mN/m to 4 
mN/m but drops from 4 mN/m to 6 mN/m before increasing slightly again at higher surface 
pressures.  The highest LSPR shift was observed for the monolayer fabricated at 4 mN/m 
with a 27 nm LSPR shift.  However, as Equation 4 shows, the AgND monolayer LSPR 
shift is directly proportional to ∆n of the P3HT at the corresponding LSPR wavelengths.  
Normalizing the average LSPR peak shift of the P3HT-coated AgND monolayers to ∆n of 
the P3HT between its reduced and oxidized states at the respective LSPR wavelengths 
reveals a similar trend of the RIS (Figure 6.11).  The highest RIS of 141 nm/refractive 
index unit (RIU) was achieved at 4 mN/m while the lower of 90 nm/RIU was seen for the 
monolayer deposited at 6 mN/m.  Similar to the LSPR shift, the RIS shows a sharp decrease 
between 4 mN/m and 6 mN/m.  
Considering that individual AgNDs in the Le-G phase of the LB isotherm (0 mN/m and 2 
mN/m) are very distant from one another (approximately 2-3 times the diameter of a single 
AgND), the coupling interactions are negligible.  As the surface coverage of the AgNDs is 
increased, hot spots appear more frequently due to nanoparticle proximity that cause a 
corresponding increase in the RIS and LSPR shift in the Lc-Le phase (4 mN/m).  The onset 
of the S-Lc phase of the isotherm (5, 6, 10, and 16 mN/m) was shown to result in a drastic 
decrease in the LSPR shift and RIS of the AgND monolayers; this phenomenon can be 
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attributed to the onset of delocalized plasmon formation.63, 330, 331 The occurrence of 
delocalized plasmons in the AgND monolayer causes a broader continuum of plasmon 
modes to exist, meaning less energy is concentrated at the LSPR peak (larger full-width 
half-maximum).   
Second, as illustrated in Figure 6.4c, a specific wavelength mode is less spatially confined 
and more film-like in nature, which correlates with a decrease in sensitivity.  This behavior 
also accounts for the previously observed lower LSPR shift of the AgND monolayer 
deposited at 16 mN/m after being coated with P3HT layer.  It should once again be noted 
that while Figure 6.4d exhibits well-defined hot spots for the 16 mN/m approximated 
surface coverage, this feature can almost certainly be attributed to the perfect periodic 
lattice structure of the simulation.  In reality, the close-packed AgNDs are non-periodic in 





























































Figure 6.11: The electrochemically modulated LSPR shift (black) and RIS (red) of P3HT-
coated AgND monolayers fabricated at various surface pressures. 
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nature and exhibit more diffusive plasmon behavior than what is shown in simulations.  
The higher LSPR shift at 16 mN/ compared to that at 6 mN/m however can be attributed 
to an increased number of hot spots, although the delocalized plasmon interactions still 
dominate when compared to monolayers deposited at lower surface pressures.  Ultimately, 
it is shown that for an AgND monolayer, the best RIS can be obtained in the densely packed 
Lc-Le region of the isotherm due to an increased number of hot spots while simultaneously 
avoiding the occurrence of delocalized plasmons.  
6.4 Conclusions 
In summary, the optical properties of LB AgND monolayers were correlated with the LB 
isotherm phase and monolayer deposition method.  The LSPR peak red shifted significantly 
as the LB surface pressure was increased due to an increase in plasmon coupling 
interactions as suggested by FDTD simulations.  Differences in LSPR peak wavelengths 
were seen for AgND monolayers fabricated in the Le-G and Lc-Le phases depending on if 
they were deposited in decompression or compression.  The LSPR shift of the monolayer 
was shown to have a strong dependence on how the monolayers were deposited.  It was 
revealed that coupling between nanoparticles leads to higher refractive index sensitivity at 
intermediate nanodisk densities due to an increased number of hot spots and lower 
sensitivity at high nanodisk densities due to plasmon delocalization.   
Ultimately, we demonstrated ultrathin and electroactive plasmonic nanoparticle-
conjugated polymer monolayers for reversible LSPR modulation by both variation in 
surface pressure and by applying the electrical potential.  Based upon these results, we 
suggest that the fabrication of mixed noble metal nanostructures monolayers with an 
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increased number of hot spots while avoiding delocalized plasmon formation may be 
accomplished through a polymer-nanoparticle morphology mediated by polymer micelles 




CHAPTER 7.  LIGHT-RESPONSIVE PLASMONIC ARRAYS 
CONSISTING OF SILVER NANOCUBES AND A 
PHOTOISOMERIZABLE MATRIX 
7.1 Introduction 
By changing the refractive index of the dielectric environment surrounding the 
nanoparticle, it is possible to modulate the plasmonic characteristics, which opens up the 
possibility of fabricating active plasmonic devices with real-time responses.269, 332 The 
most promising approach for creating a variable-refractive-index environment is the use of 
stimuli-responsive polymeric materials.333 For instance, the transition between the 
hydrophilic swollen state and hydrophobic collapsed state of polymers such as poly(N-
isopropylacrylamide) (PNIPAM) upon heating and cooling across the lower critical 
solution temperature (LCST) results in a change in the local refractive index of the polymer 
matrix.304, 334-338 Furthermore, refractive index changes can be observed in pH-responsive 
polymers such as poly(acrylic acid) (PAA), poly(2-vinylpyridine) (P2VP), and 
poly(methacrylic acid) (PMAA).301, 339 With pH-responsive polymers, the LSPR shift and 
damping can be controlled by both the alteration of interparticle distance, and hence 
coupling, and the change in the refractive index as the polymer matrix swells in response 
to protonation or deprotonation.306, 340 Electrochromism of organic molecules and 
polymers induced by both chemical and electrochemical redox stimuli can also change the 
refractive index environment.269, 295, 305 
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A combination of responsive materials with plasmonically active nanostructures can be 
used to control light conversion.341-345 For instance, liquid crystal matrices allow for the 
tuning of the dielectric environment around noble-metal nanostructures as the light-
induced isotropic-to-nematic phase transition occurs.302, 346 Azobenzene-based materials 
can also be used as an active medium with a changeable refractive index for noble-metal 
nanostructures.347-349 The photoswitching of the LSPR of gold and silver nanostructures 
was recently demonstrated using self-assembled monolayers (SAMs) deposited on gold 
nanostructures.350, 351 In particular, an extremely small LSPR shift of 0.04 nm was observed 
upon the trans–cis photoisomerization of simple azobenzenes with a propylene 
spacer.352 Another report showed that an azobenzene SAM on gold nanoprisms induced up 
to a 21 nm LSPR shift upon trans–cis isomerization of the SAM.353 It should be noted that 
both reports utilized gold nanostructures with an LSPR far from the π–π* and n–π* 
absorption bands of azobenzenes. Furthermore, SAM-based systems are often 
unpredictable and can depend strongly on monolayer packing and preparation 
conditions.354 In photochromic materials, the change in refractive index stems from the 
change in electronic distribution and, hence, the molecular polarizability.355 
Some reports have clearly demonstrated that the refractive index variation during 
photoisomerization is highest near the absorption wavelength of a photochromic material. 
For instance, Nishi et al. employed photochromic diarylethene polymer coatings on gold 
nanoparticles to induce changes in LSPR peak position and magnitude.356 Baudrion et al. 
used a spiropyran molecule in its monomeric form to create a variable-refractive-index 
medium.357 By varying the diameter of the nanoparticles, they were able to achieve strong 
coupling between the surface plasmon and the excited state of an organic molecule, 
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resulting in a large plasmonic response. Finally, our group recently established reversible 
LSPR switching using electrochromic polymers driven by a substantial refractive index 
change that accompanied a colored-to-transmissive transition.269 Despite significant 
progress, issues in achieving stable and reproducible plasmonic modulation remain. For 
instance, the use of electrochromic active matrixes requires metal structures with high 
oxidative stability, and many photochromic systems lack chemical and thermal stability.358, 
359 
Here, we report on the fabrication of light-responsive AgNC arrays embedded in a 
photoactive medium based on newly synthesized branched azobenzene-modified 
polyhedral oligomeric silsesquioxanes (POSS), Azo-POSS, that are able to form uniform, 
stable, ultrathin films and have an absorption peak overlapping with the LSPR of AgNCs 
(Figure 7.1). This design induces LSPR modulation through the high refractive change of 
azobenzene in its trans and cis states in the wavelength range of 350–500 nm that is easily 
measurable with conventional spectrophotometers.  




Furthermore, we investigated the properties of these hybrid materials in search of an 
optimal molecular structure with the highest photoinitiated changes. We found that the 
Azo-POSS branched conjugate with a short spacer between the core and the dye branches 
has a larger refractive index variation than azobenzene dye embedded in a PMMA matrix. 
Most importantly, we observed a stable and reversible LSPR switching upon alternating 
irradiation of the coating with UV and visible light. The experimental results are supported 
by FDTD simulations. Finally, the observation of reflectance in TIR experiments under 
polarized light revealed the polarization-dependent LSPR modulation of embedded 
AgNCs. We suggest that the design of an active plasmonic array reported here can be 
further extended to include azobenzene analogues covering the entire visible spectrum for 
applications in stable, tunable optical materials. 
7.2 Experimental Details 
UV-Vis optical spectroscopy: Peak picking was performed using the OriginLab Origin 8.5 
built-in peak analyzer tool (20-point local maximum). Photoisomerization experiments 
were performed by irradiating the samples at a 10-cm distance with 365-nm unpolarized 
UV light from a Blak-Ray model B-100A UV lamp (100 W) and then recording the 
absorbance spectra. Visible light irradiation for the reverse isomerization was conducted 
with unpolarized light from a 26-W compact fluorescent lamp. For kinetics measurements, 
the quartz cuvette containing the sample was irradiated with 365-nm UV light, and the 




Film preparation: Compounds 1 and 2 in toluene (2 wt %) were filtered through a filter 
with a mesh size of 200 nm before spin-coating, and the films were dried in ambient 
conditions before measurements. The AB-PMMA thin films where the dye was not 
tethered to a POSS core were prepared by spin-coating from an 8 wt % solution of AB-
PMMA (3:5, w/w) in anisole under the same conditions. The resulting film had a thickness 
of 210 nm as determined by spectroscopic ellipsometry. 
Ellipsometry: The Azo-POSS layers were fit with a three-layer model consisting of a 
silicon substrate, a silicon oxide layer (2-nm layer thickness), and a Cauchy layer [mean 
squared error (MSE) < 4] in the range from 550 to 1000 nm. The complex refractive index 
was then determined by point-by-point fitting over the entire spectral range.  
Total internal reflection: TIR measurements for the AgNC films were conducted with the 
spectroscopic ellipsometer in reflection mode over a wavelength range of 300–1000 nm 
using both s- and p-polarized light at an incident angle of 50° with a spectral resolution of 
1.59 nm. The spectra were smoothed using a seven-point fast Fourier transform (FFT) filter 
(OriginLab Origin 8.5). For TIR, we employed a CaF2 prism (25 mm base, right angle, 
uncoated, from Thorlabs). A single drop of diethylene glycol was applied to the bottom of 
the prism as immersion oil where the opposite (uncoated) side of the nanocube and Azo-
POSS-covered quartz slide made contact. Care was taken with proper coverage of 
immersion oil to ensure that no air gaps occurred at the prism–slide interface. The prism–
oil–slide setup was mounted on the ellipsometer stage with the AgNC coating facing down, 
making no contact with the stage. As a control, an uncoated quartz slide was measured for 
every polarization measurement. 
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FDTD simulations: Nine nanocubes were modeled in a “square” configuration with a 50-
nm edge length, 25% edge rounding, and a 127-nm interparticle distance based on TEM 
and SEM analysis of a typical sample. The average nanocube edge length and edge 
rounding were determined using ImageJ software (Figure D.2). The interparticle distance 
was calculated using commercial SPIP image processing software. Multiple nanocubes 
were modeled to account for interparticle coupling between nanocubes and the resulting 
changes in their optical behavior. An 80-nm POSS layer was added using refractive index 
values imported from ellipsometry measurements for both the trans and cis isomers. 
7.3 Results and Discussion 
 Azobenzene-based hybrid materials 
Conjugation of azobenzenes to POSS results in hybrid materials with high thermal and 
photostability that are compatible with organic solvents for solution processing.360-
362 Indeed, it has been found that it is possible to obtain stable ultrathin films from Azo-
POSS conjugates.222, 363 Importantly, the reversible photoisomerization of azobenzene still 
occurs in such stable Azo-POSS films, enabling their applications in photoresponsive 
systems. The azobenzene conjugates, such as 4-phenylazophenol derivatives, have a 
relatively high energy barrier for cis-to-trans thermal relaxation, with cis isomer lifetimes 
on the order of days. This behavior can facilitate the examination of the material in different 
states. The rate of trans-to-cis photoisomerization of azobenzene in solution was found to 
depend only slightly on grafting to the POSS core.360, 361 To elucidate the role of 
azobenzene conjugation, we utilized two AZO-POSS compounds, 1 and 2, with different 
spacer lengths between the inorganic core and the azobenzene moiety (Figure 7.2). As is 
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known, the linker length (4 versus 10 methylene units) has a pronounced effect on thermal 
cis-to-trans relaxation.362 Therefore, we synthesized two compounds: compound 1 with a 
linker length between a Si atom of the POSS moiety and a benzene ring of 1.87 nm when 
fully extended and compound 2 with a linker length of 0.7 nm (estimated from Chem3D 
modeling). Furthermore, we employed a precursor azobenzene compound AB for 
comparison with Azo-POSS conjugates (Figure 7.2). 
 Ultrathin films from Azo-POSS compounds 
Ultrathin films of compounds 1 and 2 can be spin-cast onto flat substrates from solutions 
in toluene or chloroform. A 2 wt % solution of compound 1 or 2 in toluene formed uniform 
films of 68 or 60 nm, respectively, when spin-cast at 3000 rpm (Figure 7.3). 
Surface analysis using AFM revealed that compound 1 yielded a smooth film with a root-
mean-square (RMS) roughness (Rq) of 1.3 nm (in a 10 µm × 10 µm selected surface area). 
Compound 2 under the same conditions gave a somewhat less uniform film with an 
increased microroughness of 5.5 nm (Figure 7.3b). 
Figure 7.2: The Azo-POSS conjugates used in this study. 
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Although the UV–vis spectra of compounds AB, 1, and 2 in chloroform solutions are very 
similar, thin-film absorption spectra reveal a striking difference between 
compounds 1 and 2 (Figure 7.4). The absorbance of compound 1 is weaker and blue-
shifted (320 nm) compared to that of compound 2 despite the similar film thicknesses. 
Because of the sensitivity of the π–π* transition of azo dyes to aggregation, the 
hypsochromic shift might indicate the face-to-face stacking of planar trans-azobenzene 
moieties and formation of H-aggregates.364 We suggest that the longer spacer between the 
POSS core and azobenzenes of compound 1 allows for more rotational freedom and, 
consequently, leads to favorable packing of the azobenzene moieties. The ability of POSS-
containing compounds 1 and 2 to form ultrathin films makes it possible to accurately 
Figure 7.3: AFM topographical images of ultrathin films prepared by spin-casting (a) 
compound 1 and (b) compound 2 onto silicon substrates at different magnifications. 
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determine the refractive indexes of the trans and cis isomers of these compounds for use as 
a photoactive layer. 
 Refractive index variation 
We first investigated the photoswitching behavior of compounds 1 and 2 in 0.01 mg/mL 
chloroform solutions by monitoring the decay of the π–π* transition of trans-azobenzene 
at 350 nm. The first-order rate constant of photoisomerization can be determined from the 
slope of a plot of ln[(A0 – A∞)/(At – A∞)] versus time, where A0, A∞, and At are the 
absorbances before irradiation, after reaching a photostationary state, and at a given time t, 
respectively.365 The photoisomerization experiment was performed in triplicate for each 
sample, and the averaged data points and linear fits are presented in Figure D.3c. We found 
that compounds 1 and 2 had similar photoisomerization rates in chloroform solution: 0.192 
± 0.054 and 0.186 ± 0.029 s–1, respectively (Figure D.3).222 
Figure 7.4: UV–vis absorbance spectra of (a) compounds AB, 1, and 2 in CHCl3 (0.01 




This difference indicates that the spacer length between the POSS core and the azobenzene 
moiety of compound 2 is already sufficient for unrestricted photoisomerization of the 
azobenzene arms in solution. A further increase in linker length in compound 1, therefore, 
has only a small effect on the rate of photoisomerization in solution. In contrast, when the 
film of compound 1 was irradiated with an unpolarized 365-nm UV light, virtually no 
change in absorbance was observed. The thin film of compound 2, however, exhibited a 
pronounced change in intensity of the π–π* transition at 350 nm, indicating efficient trans-
to-cis isomerization (Figure D.3e).222 We therefore focused on compound 2 as a variable-
refractive-index medium for subsequent studies. 
A study of film morphology during photoisomerization showed that the as-spun film of 
compound 2 had a roughened surface with crystalline domains clearly visible in an AFM 
phase image (Figure D.4a). However, after UV irradiation, the film surface became 
extremely smooth without any visible phase contrast (Figure D.4b). This observation can 
be explained by the tendency of linear-shaped trans-azobenzene to crystallize and the 
nonplanar cis isomer to have less favorable packing, resulting in a smooth thin film. The 
thin film of 2 returned to its initial roughened state after cis-to-trans thermal relaxation in 
the dark for several days. However, the cis–trans photoisomerization upon alternating 
UV/vis irradiation did not affect the thin-film morphology (Figure D.4c). To exclude the 
effect of film morphology, all subsequent experiments were conducted after the ultrathin 
film of compound 2 was subjected to one UV/Vis irradiation cycle. Also, the overall 
thickness of azobenzene-containing thin films was reported to change on the order of 1–
2% in some cases.366 In our experiments, we observed that the thickness of films 
of 2 determined by spectroscopic ellipsometry did not change upon photoisomerization. 
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To compare the performance of the Azo-POSS material to azobenzene-doped polymer 
films, we considered films in which a PMMA matrix was mixed with the precursor 
compound AB in the highest possible ratio of 3:5 (henceforth AB-PMMA). We used thin 
films of compound 2 and AB-PMMA to obtain the real part of the complex refractive 
index. In a typical experiment, the sample was irradiated for 5 min at 365 nm to achieve 
trans-to-cis photoisomerization and then for 5 min with white light for reverse 
isomerization. The refractive indices of the composites were obtained by fitting the 
reference data for the imaginary part of the refractive index with five (cis form) or six (trans 
form) Gaussian oscillators followed by a Kramers–Kronig transformation (Figure 7.5). 
Analysis of the dispersion curves revealed that a notable change in refractive index 
occurred in the spectral window from 250 to 500 nm for compound 2 and AB-PMMA 
films. The refractive index difference (∆n) between the trans and cis forms of azobenzene-
containing materials is defined as ∆n(λ) = ncis(λ) – ntrans(λ). The largest change was found 
to occur at 380 nm and equaled −0.17 refractive index units (RIU) for compound 2 and 
−0.13 RIU for the AB-PMMA film upon trans-to-cis isomerization. These values compare 
favorably with the literature data for other chromic compounds.295, 357, 367 The 
photochromic spiropyran has the highest refractive index variation at approximately 500 
nm (−0.06 RIU) and 610 nm (from +0.16 to +0.19 RIU depending on the dye doping level). 
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The electrochromic bistable rotaxane system provides a change of +0.011 RIU at 690 nm 
and −0.017 RIU at 970 nm. 
Therefore, the Azo-POSS photochromes investigated in this study complement the existing 
active matrixes in the 350–500 nm spectral window where the plasmon resonances of 
individual AgNCs are located. The larger refractive index variation for 
compound 2 compared to AB-PMMA can be explained by a higher functional group 
density. Indeed, compound 2 has a POSS core-to-azo dye ratio of 1:1.7, whereas AB-
PMMA has a ratio of 1:0.6 (as determined by solution concentration). The extinction 
coefficients measured in thin films, however, are similar: 0.32 for compound 2 compared 
Figure 7.5: (a) Dispersion curves for thin films of compound 2 in trans and cis forms. (b) 
Refractive index difference between the trans and cis forms in a thin film of compound 2. 
(c) Dispersion curves for thin films of AB-PMMA in trans and cis forms. (d) Refractive 
index difference between the trans and cis forms in a thin film of AB-PMMA. 
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to 0.22 for AB-PMMA film. It should be noted that an azobenzene-to-polymer weight ratio 
higher than 3:5 resulted in phase separation in AB-PMMA films. Because of the higher 
photoinduced refractive index variation of Azo-POSS compound 2 compared to the AB-
PMMA, the Azo-POSS compound is promising as an active medium to induce the variation 
in plasmon resonances of noble-metal nanoparticles in response to UV irradiation of a 
photoswitchable matrix. 
 AgNC-(Azo-POSS) ultrathin coatings 
AgNCs with a 50-nm edge length were transferred onto pre-cleaned quartz and silicon 
substrates using the Langmuir–Blodgett (LB) technique and formed densely packed 
monolayers (Figure 7.6a, b).219, 321 The relatively low surface pressure during monolayer 
transfer resulted in well-separated AgNCs with minimal aggregation. The average 
interparticle distance was estimated to be 127±30 nm based on SEM image analysis. 
Figure 7.6: (a) SEM image of AgNCs on a silicon substrate prepared by LB deposition. 
The inset shows a TEM image of AgNCs (scale bar is 100 nm).  AFM topographical images 
(5×5 µm2) of (b) AgNCs on a quartz slide deposited by LB deposition and (c) composite 
material composed of a AgNC monolayer covered with compound 2. The scale bar is 1 µm 
for all images. 
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Next, a solution of compound 2 in toluene (2 wt %) was directly spin-cast on top of the LB 
monolayer at 3000 rpm. Using AFM cross-section analysis, we established that the total 
thickness of the composite was 80 nm (Figure D.5). The Rq value of the film was 2.7 nm, 
which is similar to that of the ultrathin film of Azo-POSS. Compound 2 covered all 
surfaces of the AgNCs completely for maximum exposure to active material (Figure 7.6c). 
The extinction spectra of the AgNCs are presented in Figure 7.7. The LSPR position is 
located at 430 nm in water and shifts to 446 nm after the transfer to chloroform (see 
Experimental Details). This change is due to the higher refractive index of chloroform 
(n500 = 1.449) compared to water (n500 = 1.335) and possibly minor cube-edge rounding 
during the solvent exchange procedure. Upon the LB deposition of the AgNC monolayer 
onto the quartz substrate, the LSPR peak splits into antibonding (373 nm) and bonding 
(398 nm) modes because of the high refractive index of the quartz substrate (n = 1.46 at a 
wavelength of 400 nm).262 
Figure 7.7: UV–Vis spectra of (a) AgNCs in H2O and CHCl3 and after deposition on 
quartz and (b) an AgNC monolayer on quartz coated with a thin layer of compound 2. 
In (b), the spectra of compound 2 and AgNCs on quartz are provided for reference. 
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After deposition of a high-index material (compound 2) on top of and around the AgNC 
monolayer, the LSPR position red-shifted to 445 nm, and the peak splitting disappeared 
because of the similar refractive indices of the substrate and the active composite layer 
(Figure 7.7b). Despite the LSPR of the composite material being shifted from the 
wavelength of maximum refractive index variation (380 nm), the −0.06 refractive index 
unit (RIU) change at 445 nm should lead to a significant LSPR modulation, as discussed 
below. 
 Photoinduced LSPR shifting 
AgNCs coated with compound 2 showed a 4-nm hypsochromic shift of the LSPR peak 
from 443 nm when the surrounding Azo-POSS was irradiated with 365-nm light (Figure 
7.8a). Upon exposure to visible light (>450 nm), the LSPR peak returned to its initial 
position, demonstrating the reversibility of the photoinitiated process. To eliminate the 
overlap from the changing azobenzene absorption, the corresponding spectra of the film of 
compound 2 were subtracted from those of the coated nanocube monolayer, thus 
increasing the apparent shift to 6 nm (Figure 7.8b). 
The LSPR shift can be explained based on exact measurements of the change in refractive 
index (∆n) upon photoisomerization of compound 2 and the refractive index sensitivity of 
AgNCs. The refractive index change of compound 2 at a particular wavelength can be 
found from Figure 7.5a and equals 0.06 RIU at 445 nm (LSPR wavelength). The refractive 
index sensitivity (RIS = ∆λLSPR/∆n) is a measure of the change in plasmonic wavelength 
in response to the refractive index of the surrounding medium. The RIS depends on 
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multiple factors such as the nanoparticle material and shape, nature of the substrate, size, 
edge rounding, and interparticle distance.265, 368 Furthermore, the change in LSPR 
wavelength of AgNCs has a linear dependence on the refractive index: a decrease in the 
surrounding refractive index results in a reduction of the LSPR wavelength (blue 
shift).369 The refractive index sensitivity of 65 nm AgNCs on a quartz substrate was 
previously found to be 113 nm/RIU.88 
Considering the above results, a 6.8-nm hypsochromic LSPR shift can be expected for the 
combination of materials components, which is close to the experimentally observed LSPR 
peak shift of 6 nm. The same sequence of estimations can be repeated for an AgNC array 
coated with AB-PMMA layer as an alternative variable-refractive-index material. In this 
case, because of the smaller change in refractive index of the dye–polymer material (−0.05 
RIU at 445 nm), a lower LSPR shift should be and was observed (5 nm) than for the 
composite layer based upon compound 2 (Figure 7.8c). Therefore, the higher 
photoinduced refractive index variation of branched compound 2 with a weight fraction of 
Figure 7.8: UV–Vis spectra of (a) AgNCs coated with compound 2 after UV irradiation 
(cis) and visible light irradiation (trans). (b) AgNCs coated with compound 2 after UV 
irradiation (cis) and visible light irradiation (trans) normalized to the corresponding spectra 
of the compound 2 film. (c) AgNCs coated with an AB-PMMA layer after UV irradiation 




grafted azobenzene arms and the ease of the robust ultrathin coating fabrication make such 
hybrid materials promising for applications in photoresponsive plasmonic coatings. 
The experimental findings were further confirmed by FDTD simulations (Figure 7.9a). 
AgNCs were modeled with a 50 nm edge length and 25% edge rounding based on TEM 
analysis (see the Experimental Details). A blue shift of 6 nm was observed in the LSPR 
peak due to refractive index changes of the surrounding material as a result of trans–cis 
isomerization. It should be noted that the simulated nanocube extinction peak was red-
shifted by 20 nm from the experimental findings, most likely because of the monodispersity 
and perfect periodicity of the FDTD model. 
The electric field intensity distributions of the nanocubes embedded in compound 2 for the 
trans and cis states exhibit relatively minor differences (Figure 7.9b). Although the 
plasmonic modes are oriented away from the substrate and would typically be classified as 
Figure 7.9: (a) Simulated spectra of AgNCs on quartz coated with compound 2 after UV 
irradiation (cis) and visible light irradiation (trans). (b) Simulated electric field intensity 
distribution for an individual AgNC embedded in compound 2 in trans (top) and cis 
(bottom) states. The scale bars are in units of E/E0. 
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antibonding modes, it should be noted that the direction of light propagation (from the 
bottom through the quartz substrate) causes this effect and that the observed modes are, in 
fact, bonding modes.275, 370 
Next, we investigated the control over the LSPR modulation and cycling stability of 
ultrathin AgNC–Azo-POSS films. A plot of LSPR wavelength versus irradiation time is 
presented in Figure 7.10a. These data show that fine control of the ratio of trans and cis 
isomers in the ultrathin film of compound 2 can be achieved by varying the irradiation 
time. The upper curve is the LSPR position of the AgNCs, and the bottom curve is the 
extinction at 350 nm of the Azo-POSS matrix (π–π* transition of trans-azobenzene). It can 
be seen that the LSPR modulation follows the change in the trans-isomer fraction in the 
film of compound 2. Therefore, it is possible to control the exact LSPR shift by changing 
the UV exposure time. 
Figure 7.10: (a) Photoinitiated switching behavior of AgNCs coated with Azo-POSS 
compound 2. The upper curve is the LSPR position, whereas the bottom curve is the Azo-
POSS absorbance at 350 nm. (b) LSPR peak position modulation upon exposure to 365-
nm UV light over 10 UV/vis cycles. The dotted lines correspond to UV light exposure. 
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A stable switching of compound 2 is illustrated by the highly repeatable reduction and 
recovery of the trans-azobenzene absorption. Reproducible AgNC LSPR modulation was 
observed between 443 and 447 nm as the sample was alternately irradiated with UV and 
visible light (Figure 7.10b). The corresponding transmission spectra are provided in 
Figure D.6. The average plasmon resonance shift over 10 cycles was 3.8 ± 0.4 nm, with 
local deviations within 10%. Such stability arises from a strong adhesion of the LB 
monolayer of AgNCs to the quartz substrate and the photostability of ultrathin coatings of 
Azo-POSS compound 2. Topographical images of the composite material obtained after 
multiple switching cycles show a relatively smooth morphology with an Rq value of 2.4 
nm after UV irradiation and 2.5 nm after visible light irradiation (Figure D.7). 
Azobenzene-containing thin films can form surface relief gratings (SRGs) as a result of 
photoinduced molecular displacement when in close contact with metallic 
nanostructures.370, 371 This aspect of the photoresponsive plasmonic system reported here 
will be investigated in due course. 
 LSPR modulations in the TIR regime 
The placement of AgNCs as a monolayer at the surface of the quartz slide coated with a 
layer of compound 2 creates an anisotropic environment where the refractive index of the 
substrate (n450=1.47) is lower than that of the active matrix (n450=1.67). We considered that 
this index mismatch generates symmetry breaking and dipolar mode broadening similar to 
that observed for the quartz–air interphase (Figure 7.7). The modes oscillate parallel and 
perpendicular to the quartz–Azo-POSS interphase and can be distinguished under incident 
polarized light. Thus, we chose a TIR setup to probe the refractive index variation of 
AgNC–Azo-POSS ultrathin films by exciting the nanocube LSPR with evanescent waves. 
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As is known, the TIR regime occurs at an angle beyond the critical angle of the quartz–air 
interface (>43°), known from the following relation derived from Snell’s law: 372  
 θc = sin–1(nair/nquartz)  (15) 
Under TIR conditions, a pronounced difference in reflection spectra between s- and p-
polarized incident light is observed (Figure 7.11). There is a noticeable blue shift and line-
width narrowing of the LSPR from p-polarized light to s-polarized light. For the trans state, 
the LSPR is observed at 468 nm under p-polarized (parallel to the plane of incidence) light 
and at 427 nm under s-polarized (perpendicular to the plane of incidence) light. This 
difference can be explained by the fact that, at a 50° angle of incidence, p-polarized light 
excites oscillation both perpendicular and parallel to the interphase whereas s-polarized 
light excites only the component parallel to the interphase (Figure 7.11b).100 The 
measurement under p-polarized light is therefore more sensitive to the refractive index 
variation, and the LSPR shifts during photoisomerization were measured at 4.4 ± 0.7 and 
3.4 ± 1.3 nm for p- and s-polarized light, respectively, over four cycles (Figure 7.11c). As 
Figure 7.11: (a),(b) TIR measurements of different photoisomerized states with (a) p- and 
(b) s-polarized light. (c) Switching behavior of the reflectance minimum under alternating 
irradiation with UV and visible light. The dotted lines correspond to UV irradiation events.
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with transmission extinction measurements, we observed a reversible cycling of reflection 
in the TIR regime when the sample was alternately irradiated with UV and visible light. 
7.4 Conclusions 
In conclusion, we have reported the fabrication of responsive AgNC arrays embedded in 
an active medium based on newly synthesized branched Azo-POSS compounds. The 
branched conjugate with a long spacer between the core and the azobenzene branches 
undergoes photoisomerization in solution but not in an ultrathin solid film. Azo-POSS 
conjugate 2, with a shorter spacer between the core and the azobenzene moieties, exhibits 
a large refractive index variation when irradiated with UV light (−0.17 RIU change at a 
wavelength of 380 nm), higher than that of simple azobenzene embedded in a polymer 
matrix. We observed significant, reversible, and repeatable shifts in the AgNC LSPR peak 
position (from 4 to 6 nm) upon alternating irradiation of the composite Azo-POSS–
nanocube ultrathin film with UV and visible light. Furthermore, a polarization-dependent 
variation in reflectance was observed in the TIR regime, supporting the ability to reversibly 
tune the LSPR by external stimuli such as light. Although the plasmonic response of the 
hybrid material based on mono azobenzene reported here is relatively slow (on the order 
of minutes), the use of push–pull azobenzenes with faster photoisomerization kinetics in a 
similar setup can shorten the response time and shift the operational wavelength into the 
visible wavelength range. Such robust photoswitchable plasmonic materials could find 
application in plasmonic devices with real-time and polarization-dependent responses, 
which have the potential for optical switching and filtering applications. In future research, 
the polarization-dependent behavior of azobenzene-containing materials can be combined 
with nanoparticle arrays to probe the photoinduced anisotropy of the photoactive materials. 
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Furthermore, oriented anisotropic nanostructures combined with such active layers could 




CHAPTER 8.  ELECTRICALLY CONTROLLED PLASMONIC 
BEHAVIOR OF GOLD NANOCUBE/POLYANILINE 
NANOSTRUCTURES: TRANSPARENT PLASMONIC 
AGGREGATES 
8.1 Introduction 
The establishment of a specific LSPR peak position is very important for preprogramming 
efficient responses for these materials. As is well known, the plasmonic properties of 
nanoparticles can be controlled during initial synthesis by varying the particle shape, size, 
and composition.368, 373, 374 Over the past decade, significant progress has been made in the 
synthesis of well-defined plasmonic nanoparticles with a precise control of plasmonic 
properties for specific applications.34, 243, 373, 375-379 However, for a given material and 
nanoparticle shape, the LSPR properties are fixed and it is difficult to change the LSPR 
peak position and cross-section intensity in a reversible and real-time manner. 
One of the efficient ways to control the plasmonic properties in a reversible manner is to 
incorporate these nanostructures into surrounding active soft media, which can change their 
refractive properties depending on environmental conditions. In this case, a strong inverse 
dependence of plasmon resonance frequency on the dielectric constant of the surrounding 
makes it possible to control the plasmonic properties by utilizing active media.19, 380 A wide 
range of stimuli-responsive organic and inorganic materials can be used as active media, 
including those responsive to pH, ionic strength, light, and temperature.224, 301-303, 333, 335, 337, 
339, 381-383 For example, the LSPR peak of gold nanoparticles in a weak polyelectrolyte gel 
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network has been reversibly tuned by changing the environmental pH, owing to the packing 
density change and hence the resulting refractive index change in the polyelectrolyte gel 
network induced by the swelling–deswelling mechanism.301 In other examples, plasmonic 
resonances were successfully modulated using light-responsive materials under UV and 
visible light exposure as external stimuli.302, 303 Recently, real-time tuning of plasmon 
lasers was demonstrated by introducing different liquid media around gold nanostructures 
through microfluidic channels in order to shift the emission peak from 859 to 890 nm 
depending on the liquids used.384 However, it was necessary to incorporate several liquids 
having different refractive indices for modulating the laser emission into the microfluidic 
chip. 
The electrical potential is one of the most attractive types of external control that allows 
incorporation of plasmonic materials in devices for real-time light modulation.385 Electrical 
potential can be supplied and controlled in a precise and reproducible manner, and it can 
be readily adapted to device-oriented environments as well. This practical aspect gives 
electrically tunable optical systems an advantage over other external stimuli such as pH 
and temperature in prospective applications for adaptive light harvesting, colorimetric 
sensing, and light modulation.120, 386-388 
There are a number of inorganic and organic electroactive materials including tungsten 
oxide, PANI, and polythiophene, poly(3,4-ethylenedioxythiophene) (PEDOT) that have 
been employed as active media to manipulate the plasmonic response of nanostructures.269, 
298, 299, 305, 311, 312, 389-394 The change in electronic structure, oxidation state, and conductivity 
of these electroactive materials results in a change in molecular polarizability and hence 
the effective dielectric constant. For instance, Baba et al. demonstrated that a large 
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variation in the real and imaginary dielectric constants occurs when thin films of 
conjugated polymers (such as PANI and PEDOT) are oxidized electrochemically.391, 393, 
394 Lacroix and co-workers further demonstrated several electrically tunable plasmonic 
systems based on electroactive PANI and PEDOT layers overlaid on gold 
nanostructures.298, 299, 305, 392 In particular, gold nanoparticle arrays were fabricated on 
conductive ITO substrates via EBL, and a conjugated polymer was then deposited through 
electrochemical polymerization to modulate the gold nanoparticle LSPR. Although EBL 
allows for precise control of the size and shape of gold arrays at the nanoscale, it takes a 
significant amount of time and cost to create desired patterns, which hampers its large-
scale applications.395, 396 Recently, we presented an alternative bottom-up approach to 
assemble electrically tunable plasmonic hybrid nanomaterials with reversible LSPR shifts 
by controlling the applied electrochemical potential.269 Specifically, a monolayer of 
AgNCs was deposited on an ITO substrate using the Langmuir–Blodgett technique and 
covered with a layer of water-soluble blue electrochromic polymer (ECP-Blue-WS).269 
It is important to note that the densely packed assemblies of plasmonic nanoparticles in a 
solid state affect the electronic and optical properties, leading to significant LSPR peak 
broadening and the appearance of strong, broad extinction in the near-infrared (NIR) 
spectral region useful for solar panel applications.61, 269, 397, 398 Because of the exponential 
decay of the electromagnetic field away from the surface of nanoparticles, for these 
applications it is critical to ensure intimate contact between the nanoparticles and the 
polymer matrix.315, 399 However, well-defined narrow LSPR peaks with higher figures of 
merit and transparency in NIR region are required for other demanding applications 
including biosensing, plasmonic lasers, and metamaterials.70, 120, 384, 400 On the other hand, 
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excessive light absorption and thermal dissipation in the near-infrared region might lead to 
premature thermal degradation of sensitive biological and soft matter environments and, 
thus, fundamental approaches to the suppression of the strong thermal absorption in solid 
plasmonic coatings by preventing plasmonic coupling should be considered. Furthermore, 
because the conjugated polymer matrices have high extinction coefficients in the visible 
and NIR spectral range, it is desirable to minimize the amount of polymer coating in order 
to avoid spectral overlap and excessive damping of the LSPR-driven light absorption. 
Considering these conditions, core/shell nanostructures can be promising candidates for 
obtaining larger LSPR peak shifts with a smaller amount of conjugated surrounding media 
while also avoiding uncontrollable coupling of plasmonic nanoparticles. 
Therefore, in this study, we introduce novel electrically tunable plasmonic AuNC/PANI 
core/shell nanostructures that facilitate large LSPR shifts of individual nanostructures with 
precise control of the electrochromic PANI shell thickness (Figure 8.1). This PANI shell 
acts not only as an electroactive media but also as a controlled spacer that prevents strong 
plasmonic coupling and reduces the extinction in the near-infrared region. We selected 
AuNCs as a plasmonic core to avoid spectral overlap with the electroactive PANI shells in 
order to directly observe their tunable plasmonic behavior. These AuNC/PANI core/shell 
nanostructures can be synthesized by oxidative polymerization in the presence of colloidal 
AuNC dispersions and deposited onto conductive ITO substrates using a facile spray 
casting method. When an electric potential was applied to the AuNC/PANI core/shell 
nanostructure-coated conductive ITO electrode, a large, consistent, and reversible LSPR 
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shift of up to 24 nm with modest increase in NIR absorption was observed due to the 
oxidation state changes in electroactive PANI shells. 
Finally, FDTD simulations demonstrated that their plasmonic behavior can be related to 
the reversible changes in refractive index of PANI shells as induced by electrochemical 
oxidation. It has been suggested that the optimal PANI shell thickness for the most effective 
LSPR modulation should be comparable to the electromagnetic field decay 
length.401 Finally, the AuNC/PANI core/shell nanostructures exhibited optical properties 
similar to individual AuNC/PANI core/shell properties due to the extensive PANI spacer, 
which effectively suppresses plasmonic coupling. This phenomenon leads to the reduced 
Figure 8.1: AuNC/PANI core/shell nanostructures for electrochemical LSPR modulation,
and AuNC/PANI core/shell nanostructures with electrically tunable optical signatures 
(top), and AuNC/PANI solutions with different shell thicknesses (bottom). 
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extinction in the near-infrared region (700–1000 nm) with preservation of strong and 
narrow plasmonic absorption in the visible region. 
8.2 Experimental Details 
Synthesis of AuNCs:  
The average size of the AuNCs was 39 ± 6 nm based on statistics from TEM images 
(Figure E.1). More than 200 nanoparticles were analyzed to obtain the average size of the 
AuNCs. Centrifugation was performed once to remove excessive CTAB on the AuNCs 
before synthesizing AuNC/PANI core/shell nanostructures. If centrifugation was repeated 
several times, irreversible aggregation was observed, most likely due to the dissociation of 
the CTAB surfactant bilayers from the AuNCs.402 
Deposition of AuNC/PANI core/shell nanostructures on ITO: For substrate preparation, 
ITO slides were sonicated in dichloromethane, acetone, methanol, and water for 15 minutes 
each. To make the ITO positively charged, a (3-aminopropyl)-triethoxysilane (APTES) 
treatment was performed as follows.403, 404 Washed ITO slides were dried and plasma-
treated for 10 seconds with 100 mTorr air. The substrates were immersed in 2 vol % 
APTES in toluene at 75 °C for 30 minutes and washed with toluene, ethanol, and ultrapure 
water sequentially. The ITO substrates were blown with air and heated at 110 °C for 15 
minutes. For PEI-coated ITO, plasma-treated ITO was immersed in 10 mg/mL PEI solution 
for at least 30 minutes and washed in ultrapure water for 10 minutes. The AuNC/PANI 
core/shell dispersion (3.5 mL) in 3.6 mM SDS was concentrated using centrifugation (6000 
rpm for 15 min) and redispersed in ultrapure water (0.35 mL). The AuNC/PANI core/shell 
dispersion was sprayed using a spray gun (Iwata HP-CS) at 20 psi onto APTES-treated or 
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PEI-treated ITO slides (Delta Technologies, Ltd., 7 mm × 50 mm × 0.7 mm, sheet 
resistance = 15–25 Ω). For comparison, AuNCs were sprayed onto plasma-treated ITO (10 
s with 100 mTorr air) in an area of 2.1 cm2 of ITO (3 cm × 0.7 cm). After film deposition, 
all films were immersed in water to remove excessive SDS overnight. Then, films were 
immersed in 0.2 M HCl for 1 hour to attain the doped emeraldine salt form of PANI. 
Characterization: The AuNC/PANI core/shell dispersion was drop-cast on a carbon-
coated Cu grid (product no. 01800-F, Ted Pella) and dried under ambient conditions. The 
PANI shell thickness was obtained by measuring the AuNC/PANI core/shell 
nanostructures height from AFM images. To estimate the shell thickness, the average size 
of the AuNC was subtracted from the height and divided by two. 
Zeta-potentials of the core/shell nanostructures in aqueous solution were measured on a 
Malvern Zetasizer Nano ZS instrument. The mean ζ potential values are provided in mV 
units and are results of three independent measurements that consist of 12 runs each. The 
measurements were conducted at 25 °C. For hyperspectral measurements, AuNC/PANI 
core/shell nanostructures deposited on an ITO substrate were exposed to hydrazine vapor 
for 10 min to reduce emeraldine salt PANI (PANI-ES) to leucoemeraldine base PANI 
(PANI-LB). The obtained spectra were normalized by a Lambertian >99% reflectance 
standard (Labsphere SRS-99–010). The scattering spectra were smoothed using adjacent-
averaging with a 50-point window by OriginPro 8.5. 
FDTD simulations: Individual AuNCs were approximated with a 39 nm edge length and a 
40% edge rounding based on TEM image observations.405  PANI-ES and PANI-LB shells 
with different thicknesses and the same edge rounding of 40% were then individually added 
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to the nanocubes. Refractive indices for PANI-ES and PANI-LB, and gold were obtained 
from literature while the refractive index for the ITO substrate was obtained experimentally 
using ellipsometry.401 
8.3 Results and Discussion 
 Synthesis of AuNC/PANI core/shell nanostructures 
AuNC/PANI core/shell nanostructures were prepared using surfactant-assisted oxidative 
polymerization of aniline in the presence of AuNCs.224, 225 To obtain thicker PANI shells 
on the AuNCs, the same polymerization step was repeated up to four times in this study. 
For comparison, PANI homopolymer was also synthesized by the same polymerization 
process in the absence of AuNCs (see images of aqueous dispersions of different 
nanostructures in Figure 8.1). The PANI dispersion exhibited a green color characteristic 
of the conductive emeraldine salt (ES) form.403 As the thickness of the PANI shell 
increased (the number of polymerization cycles increased), the AuNC/PANI core/shell 
nanostructure dispersion color changed from pink to dark-brown. All of the AuNC/PANI 
core/shell nanostructures synthesized were found to maintain colloidal stability even after 
six months due to a high negative surface potential. Indeed, the ζ potential of the 
AuNC/PANI core/shell nanostructures was highly negative (around −50 mV) due to the 
presence of SDS, whereas initial AuNCs possessed a lower positive charge (around +20 
mV) because of the CTAB.406 
The average PANI shell thickness formed on the AuNCs was 13 ± 3 nm after a one-step 
polymerization as estimated from transmission electron microscopy (TEM) images 
(Figure 8.2a and Figure E.2a). PANI shells with thicknesses of 18 ± 5, 26 ± 5, and 37 ± 
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5 nm were obtained by carrying out two, three, and four polymerization cycles respectively 
(Figure 8.2b–e and Figure E.2b, c). Overall, the PANI shell thickness increased 
consistently with the number of polymerization steps (Figure 8.2f). 
The UV–vis spectra of the AuNCs, PANI, and the AuNC/PANI core/shell nanostructures 
with different thicknesses of the PANI shell in aqueous solution are displayed in Figure 
8.3a. As known, PANI exhibits a strong absorption peak at 843 nm with a shoulder around 
420 nm, which is a characteristic of the conductive ES form of PANI.403, 407 The bare 
AuNCs in water had an extinction peak of 532 nm corresponding to the LSPR of the 
AuNCs.408 In the case of the AuNC/PANI core/shell nanostructures, both the LSPR of the 
AuNCs and the absorption peak of the conductive ES form of PANI were observed as 
Figure 8.2: TEM images of AuNC/PANI core/shell nanostructures after (a) one, (b) two, 
(c) three, and (d), (e) four polymerization cycles. (f) PANI shell thickness vs number of 
polymerization cycles. The shell thickness is compared as obtained independently from 
TEM and AFM measurements. 
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expected. As the thickness of the PANI shell increased, the PANI peak at 830 nm became 
more pronounced and the ratio of the PANI peak to the AuNC peak increased from 0.36 to 
1.4 (Figure 8.3a, b). The LSPR peak of the AuNC/PANI core/shell nanostructures 
continuously red-shifted with an increasing PANI shell thickness, most likely due to the 
refractive index of PANI shell being higher than that of the surrounding water.409 
 
Figure 8.3: (a) UV–vis spectra of AuNCs and AuNC/PANI core/shell nanostructures in 
aqueous solutions and (b) their LSPR peak position and cross-section intensity ratio of 
PANI to AuNC as a function of the PANI shell thickness. AuNC and AuNC/PANI 
core/shell colloids are dispersed in water and 3.6 mM SDS, respectively. UV–vis spectra 
of (c) as-sprayed PANI on conductive PEI-ITO substrates and (d) AuNC/PANI-37 nm 
core/shell nanostructures deposited on PEI-ITO substrates exposed to air, 0.2 M HCl, and 
pH 8.2 water. 
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 AuNC/PANI core/shell nanostructures on conductive ITO substrates 
Having successfully synthesized stable AuNC/PANI core/shell colloids, we then deposited 
these nanomaterials on conductive ITO substrates to test their electrochemical behavior. 
Because AuNC/PANI core/shell nanostructures are negatively charged, the negatively 
charged ITO substrate was first modified with a cationic prelayer in order to promote 
nanocube stability after adsorption. In the present study, APTES and a PEI coating were 
used to modify the surface composition (see Experimental Details). A more uniform 
distribution of AuNC/PANI core/shell nanostructures was observed on PEI-ITO surfaces 
due to higher wettability, with a contact angle of 53.3 ± 4.6° for PEI-ITO versus 79.4 ± 
6.5° for APTES-ITO (Figure E.3). Therefore, the PEI-ITO substrate was further used for 
the study of the electrochemical behavior of the AuNC/PANI core/shell nanostructures. 
The LSPR peak of as-sprayed AuNC/PANI core/shell nanostructures on PEI-ITO 
substrates showed similar behavior compared to that for AuNC/PANI core/shell 
nanostructures in aqueous solution in respect to the LSPR peak position and the AuNC and 
PANI absorption peak intensity ratio (Figure E.4a). For comparison, UV–vis spectra of 
PANI films on ITO substrates were also measured in different environmental conditions 
(Figure 8.3c). The thickness of PANI films used for this comparison was varied between 
50 and 300 nm. The PANI film had a peak located around 820 nm in air and acidic 
conditions (0.2 M HCl), which is attributed to the ES form of the polymer.404 In weakly 
basic aqueous solution (pH 8.2), a peak around 630 nm appeared, which is a characteristic 
of the emeraldine base (EB) form.404 As known, PANI can exist in either the ES or EB 
form as controlled by a doping–dedoping process at different pH conditions.224 
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Similarly, the PANI shell of AuNC/PANI core/shell nanostructures can also exist in 
different forms depending upon the solution pH, as confirmed by UV–vis spectra (Figure 
8.3d and Figure E.4b-d). It is worth noting that the absorption peak position of the EB 
form is very close to the LSPR peak of AuNC, which makes it difficult to identify the 
LSPR peak shift in the extinction spectra.224 AuNC/PANI core/shell nanostructures on 
PEI-ITO substrates were immersed sequentially in ultrapure water overnight and in acidic 
0.2 M HCl for 1 h to ensure fully doped PANI shells. After additional doping with HCl, 
the PANI shell of all samples exhibited the well-developed emeraldine salt absorption peak 
around 810 nm (Figure E.4e). 
The AFM images of AuNC/PANI core/shell nanostructures deposited on PEI-ITO 
substrates are shown in Figure 8.4 and Figure E.5. It was observed that the AuNC/PANI 
core/shell nanostructures were randomly distributed on the substrates without particular 
orientations or configurations. A large amount of AuNC/PANI core/shell nanostructures 
are in physical contact with one another and formed aggregates or multimers. It should be 
noted that close contact between AuNC/PANI core/shell nanostructures did not affect the 
original optical signature of single core/shell particles, which is supported by UV–vis 
spectra in Figure 8.3 and Figure E.4 showing that the LSPR properties of AuNC/PANI 
core/shell multimers on ITO substrates were very similar to the monomer optical 
properties. This behavior is in contrast to most plasmonic aggregates and will be further 
discussed in the later single particle study section. In the case of the deposition of AuNCs, 
even if most of the as-sprayed AuNCs were found as individual nanostructures in AFM 
images (Figure E.5a), an aggregation peak around 670 nm was observed due to the partial 
coupling of AuNCs (Figure E.4a). Furthermore, it was also challenging to spray AuNCs 
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with the same degree of coupling in order to obtain the specific desired aggregation LSPR 
peak in a reproducible manner. On the other hand, no apparent aggregation peak or LSPR 
shift of AuNC/PANI core/shell nanostructures were observed after deposition. It is worth 
noting that the PANI shell around the AuNCs effectively prevents undesirable and 
uncontrollable plasmon coupling between the AuNCs during spray casting.104, 410-412 
The representative cross section height profiles of AuNC/PANI core/shell nanostructures 
with the 13 and 26 nm PANI shells are displayed in Figure 8.4c, f, respectively. As 
Figure 8.4: Topographical AFM images of (a,b) AuNC/PANI core/shell nanostructures 
with 13 nm PANI shells, and (c) their cross-sectional profiles. AFM images of (d,e) 
AuNC/PANI- core/shell nanostructures with 26 nm PANI shells, and (f) their cross-
sectional profiles. The cross-section lines are marked with black lines in (b) and (e). 
AuNC/PANI core/shell nanostructures were deposited on PEI-modified ITO substrates. 
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expected, AuNC/PANI core/shell nanostructures with thicker PANI shells have higher 
average heights (Figure E.5f). For instance, AuNC/PANI core/shell nanostructures with 
13 and 26 nm PANI shells have respective average heights of 70 and 101 nm. The PANI 
shell thicknesses obtained from AFM images were slightly higher than those from TEM 
images, most likely due to different conditions during the measurements (humid air vs high 
vacuum) (Figure 8.2f). The PANI shell is more likely to absorb some moisture and be 
hydrated during the ambient AFM measurements. 
 Electrochemical switching of AuNC/PANI core/shell nanostructures 
An external electrical potential was applied to reversibly change the refractive index of the 
PANI shell with different oxidation states and in turn modulate the LSPR of the AuNC 
core. It was reported that the ES form of PANI can be reversibly switched to the 
leucoemeraldine base (LB) form by applying an electric potential both in aqueous and 
nonaqueous electrolytes.403, 413 To find the optimal conditions, we explored both aqueous 
and nonaqueous electrolytes in the present study. 
A slightly acidic aqueous electrolyte, 0.5 M NaCl in 0.01 M HCl electrolyte, was found to 
result in larger and more reversible LSPR shifts (Figure 8.5a–c). In the voltage range from 
−0.3 to 0 V (vs Ag/AgCl), there is no appreciable absorption in the near IR region (700 to 
1200 nm), which is a typical characteristic of the reduced form of PANI (LB).403 The 
absorbance in the near IR region appeared at 0 V and increased with an increasing voltage. 
These changes indicate that the LB form of the PANI shells started to transform to ES. 
Moreover, this change is accompanied by a blue-shift of the LSPR peak due to 
accompanying changes in the refractive index (Figure 8.5b, c). The LSPR position 
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changed from 555 to 533 nm when the voltage increased from −0.3 to 0.5 V. Indeed, the 
real part of the refractive index of the ES form (1.30 at 532 nm) is known to be significantly 
lower than that of the LB form (1.65 at 532 nm).401 It is known that a decrease in the real 
part of the refractive index of surrounding media causes a blue-shift in the LSPR peak 
position due to the orthogonal relationship between the LSPR shift and a refractive index 
change.269, 369 The cross-section intensity of the LSPR peak also decreased with increasing 
voltage because the ES form has a higher imaginary part of the refractive index than the 
LB form of PANI.298, 401 It has previously been reported that the LSPR peak is damped 
with surrounding media which has a large imaginary refractive index.298 To further 
investigate the stability and reversibility of these nanostructures, cyclic voltammetry (−0.3 
to 0.5 V) was performed 100 times at a scan rate of 200 mV/s. The AuNC/PANI-26 nm 
core/shell nanostructures showed a great degree of reversibility without a noticeable 
decrease in electroactivity (Figure 8.5e). It is remarkable that even after 100 cycles, the 
LSPR could be reversibly tuned to a significant extent by applying electric potentials 





Figure 8.5: (a) UV–vis spectra of AuNC/PANI core/shell nanostructures with 26 nm PANI 
shells at different voltages with 0.5 M NaCl in 0.01 M HCl electrolyte, and (b) its magnified 
UV–vis spectra, (c) LSPR peak position and maximum peak extinction vs voltages (vs 
Ag/AgCl), (d) LSPR peak position and extinction during cycling, (e) cyclic 
voltammograms of AuNC/PANI core/shell nanostructures with 26 nm PANI shells at 200 
mV/s from −0.3 to 0.5 V during cycling, and their UV–vis spectra at −0.3 and 0.5 V before 




When more acidic electrolytes were used, extinction over the full wavelength range 
increased with cycling (Figure E.6c and Figure E.7a) due to light scattering of small 
hydrogen bubbles generated by hydrogen evolution reactions (HER).414, 415 Indeed, UV–
vis spectra of AuNC/PANI core/shell nanostructures before and after cycling are nearly 
identical when baseline correction was used (Figure E.6e and Figure E.7c). We suggest 
that water can gradually penetrate the PANI shell, and the HER process takes place on the 
AuNC surface during cycling in the above case. However, by using a less acidic electrolyte 
(0.5 M NaCl in 0.01 M HCl) with a higher minimum cutoff voltage (−0.3 V vs Ag/AgCl), 
HER can be completely suppressed, which allows stable and reversible changes as 
confirmed by UV–vis spectra (Figure 8.5d). 
In the case of a nonaqueous electrolyte, 0.5 M of lithium bis(trifluoromethyl)sulfonylimide 
(LiBTI) in propylene carbonate (PC), a smaller LSPR shift (up 17 nm) was obtained with 
26 nm PANI shells. At high positive potentials above 0.2 V (vs Ag/Ag+), the LSPR peak 
red-shifted when the applied voltage was increased from 0.2 to 0.4 V (Figure E.8c). Such 
a change indicates that the ES form of PANI changes to the pernigraniline form beyond 
0.2 V. The fact that the real part of the refractive index of pernigraniline form is higher 
than that of the emeraldine form supports the observed red-shift of the LSPR of 
AuNC/PANI core/shell nanostructures beyond 0.3 V.416 Indeed, a significantly different 
UV–vis spectrum of AuNC/PANI core/shell nanostructures at 0.4 V confirms the oxidation 
state change of PANI from the emeraldine to the pernigraniline form.403 Cycling tests 
showed that the cross-section intensity of LSPR at 537 nm in the UV–vis spectra decreased 
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by 3.1% after five cycles, which might be due to partial dissolution of the AuNC/PANI 
core/shell nanostructures into the nonaqueous electrolyte. 
With the optimized electrolyte and voltage range (0.5 M NaCl in 0.01 M HCl from −0.3 to 
0.5 V (vs Ag/AgCl), electric potential stimuli were applied to all the AuNC/PANI 
core/shell nanostructures with different shell thicknesses in order to investigate the effect 
of the PANI shell thickness on the LPSR peak position. All AuNC/PANI core/shell 
nanostructures had a significantly higher LSPR shift than AuNCs alone regardless of the 
PANI shell thickness (Figure 8.6a, b and Figure E.9). The LSPR peak of bare AuNCs 
alone displayed a negligible change (within the standard deviation) of 0.9 ± 0.7 nm. Such 
a negligible response confirms that possible local variations of the buffer environment do 
not contribute significantly to the LSPR modulation discussed above. In general, the LSPR 
peak shift increased with thicker PANI shells (Figure 8.6c). For the AuNCs with thinner 
PANI shells, a small increase in shell thickness had a significant impact on the degree of 
the LSPR shift (from 14.8 ± 1.2 to 21.1 ± 0.7 nm for a shell thickness increase from 13 to 
18 nm). For thicker shells, the role of shell thickness on the LSPR shift is less pronounced. 
For instance, the AuNC/PANI-37 nm core/shell nanostructures exhibited only a slightly 
higher LSPR shift (23.8 ± 1.3 nm) than the AuNC/PANI-26 nm core/shell nanostructures 






Figure 8.6: (a) LSPR peak position of AuNCs and AuNC/PANI core/shell nanostructures 
with a varying PANI shell thickness as a function of voltage applied (within 0.5 M NaCl 
in 0.01 M HCl electrolyte (vs Ag/AgCl), (b) their LSPR peak position during cycling with 
the voltage switched between −0.3 and 0.5 V, and (c) the average LSPR shift of 




 FDTD modeling of AuNC/PANI core/shell nanostructures 
FDTD simulations were conducted for AuNCs without shells in air and water and with 
PANI shells on an ITO substrate in order to verify experimental findings and interpret the 
mechanism behind the LSPR peak shifts (see Experimental Details). The simulated 
extinction spectra matched well with the experimental spectra obtained, and the same 
general trend was observed in both simulations and experiments (Figure 8.7a and Table 
E.1). 
Figure 8.7: (a) Simulated extinction of AuNC in air and water and AuNC/PANI core/shell 
nanostructures with 13 and 37 nm thick PANI shells, and (b) LSPR peak shift as a function 




Simulations did however predict approximately 4 nm larger magnitude peak shifts for each 
of the shell thicknesses than were obtained experimentally. This observation might be 
attributed to the fact that the refractive indices of PANI in our study may be slightly 
different from the literature values used for the PANI refractive indices.401 Another 
possibility is that additional surfactant such as CTAB and SDS exists beyond the 
approximated 2 nm shell even after the washing steps and consequently dilutes the LSPR 
shift or that the simulated nanocube differs slightly from the actual synthesized nanocubes. 
It is also possible that positively charged ES and neutral LB forms could interact with the 
AuNC differently and alter the surface charge of the AuNCs, thereby affecting the LSPR 
properties.417, 418 It should be noted that simulations from single AuNC/PANI core/shell 
particle could reasonably predict the overall LSPR properties of AuNC/PANI core/shell 
nanostructures randomly deposited on ITO including monomers and multimers. This 
similarity confirms that the plasmonic coupling is intrinsically prohibited due to the PANI 
shells. The LSPR shift of plasmonic nanoparticles in various environments can be 
described using Equation 4.70, 315, 399, 419 Thus, we analyze how FDTD simulations of the 
more complex case of core/shell nanostructures follow this general prediction. 
First, AuNCs were modeled without a shell or substrate in order to estimate m and ld of the 
AuNCs for Equation 4. The simulated LSPR of AuNC was 535 nm in water and 510 nm 
in air. An RIS of 75 nm/RIU for these nanocubes was calculated by observing the 
wavelength shift of the plasmon resonance between air and water media (Figure 8.7a). A 
near-field intensity plot was also constructed for the LSPR peak at 535 nm for an AuNC in 
water in order to find the electric field decay length (Figure E.10a). An electromagnetic 
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decay length of 24 nm for a bare AuNC was estimated from a horizontal cross-section 
through the center of the nanocube (Figure E.10b) using the following equation:316 
 R^ = R<exp /0O1 2  (16) 
where E0 is the maximum electromagnetic field, z is the horizontal position from the 
AuNC, ld is the electromagnetic field decay length. The ∆n at the LSPR peak of AuNC 
(535 nm) was taken from the literature refractive indices.401 
Figure 8.7b shows the ∆λmax obtained from FDTD simulation as a function of PANI shell 
thickness, which is in good agreement with the experimental results and the theoretical 
equation. Fitting with the experimental and FDTD simulation data also gave 
similar m and ld values, which were obtained from a FDTD simulation on a bare AuNC 
(Table E.2). This further confirms the validity of our analysis. 
From this analysis we can conclude that ∆λmax greatly increases with a small increase of 
PANI shell thickness only when the shell thickness is relatively thin (below the 
electromagnetic decay length of 24 nm). An increase in the shell thickness above 24 nm 
results in a much smaller increase in ∆λmax because strong electromagnetic fields are 
confined to distances within its characteristic decay length ld. This result implies an 
important relationship between the thickness of the PANI shells and the LSPR shift when 
designing various core/shell nanostructures. Moreover, it confirms that sufficiently large 
LSPR shifts can be achieved with relatively thin PANI shells having an optimized thickness 
comparable to or below the electromagnetic decay length. This critical shell thickness can 
be independently determined from simulations and can be used to design core/shell 
parameters with the most efficient LSPR shifts in the plasmonic modes. 
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The electric field distribution of the AuNC/PANI core/shell nanostructures was also 
examined in order to further analyze the LSPR switching mechanism (Figure 8.8a–d). It 
is worth noting that the electric field is much more confined for the PANI-LB shells than 
for the PANI-ES shells due to the PANI-LB shell’s higher refractive index. From electric 
field distributions at the peak plasmon wavelengths for nanocubes with 13 and 37 nm PANI 
shells, it is readily seen that even though the nanocubes are resting on a substrate, no 
hybridized splitting occurs for the LSPR mode and that the dominant mode is a simple 
dipole compared to the split hybridized modes of other substrate-bound particles.269 Thus, 
it can be concluded that the PANI shells provide enough of an insulating media so that the 
AuNCs do not interact with the substrate. This observation adds further support to the claim 
Figure 8.8: Electromagnetic field distribution, |E|/|E|0, for core/shell nanostructures with 
different thickness of shells and their different oxidation states: (a) AuNC/PANI-ES-13 
nm, (b) AuNC/PANI-LB-13 nm, (c) AuNC/PANI-ES-37 nm, and (d) AuNC/PANI-LB-37 
nm core/shell nanostructures. Electromagnetic field distribution maximum values were set 
to 4 for the ES state and 8 for the LB state for clarity. 
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that the nanoparticles cannot couple with one another due to the inherent interparticle 
distance imparted by the shells. 
 Single nanoparticle study of AuNC/PANI core/shell nanostructures 
AuNC/PANI core/shell single particles were studied using a combination of hyperspectral 
imaging and AFM to further confirm that the PANI shells effectively prevent plasmonic 
coupling (Figure 8.9). A specific AuNC/PANI core/shell monomer and a dimer with 37 
nm PANI shells were concurrently imaged using AFM (Figure 8.9a–c) and hyperspectral 
imaging (Figure 8.9d). AuNC/PANI monomer and dimer core/shell nanostructure 
scattering spectra (designated 1 and 2, respectively) were extracted for both PANI-ES and 
PANI-LB shells (Figure 8.9e, f). Both the monomer and the dimer showed very similar 
scattering spectra; the monomer had scattering peaks centered at 571 and 603 nm for ES 
and LB PANI shells, respectively, while the dimer possessed a scattering peak at 574 for 
the ES shell and 604 nm for the LB PANI shell. The scattering spectra were smoothed to 
identify the peak position (see Chapter 8 Supporting Information). The scattering 
intensity of the dimer was found to be higher than that of the monomer simply because the 
scattering cross-section of the dimer is larger than that of the monomer. These peaks were 
found to be red-shifted from extinction spectra peak positions, but it should be noted that 
the scattering peak position does not necessarily exactly correlate with the absorption or 
extinction peak position.84 This is clear evidence that plasmonic coupling was intrinsically 
prevented by the existence of the PANI shells and that all the AuNC/PANI core/shell 
particles behave as single particle regardless of their physical contact. Indeed, as shown in 
Figure E.11, the UV–vis spectra of AuNC/PANI with 37 nm shell on ITO substrates were 
not affected by density of core/shell particles whereas AuNC coated on substrates were 
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coupled together and showed broad aggregation peak. This result is in good agreement with 
our single particle hyperspectral study and FDTD simulations. 
8.4 Conclusions 
The most significant conclusion is that the electroactive PANI shell could simultaneously 
act as an active media nanostructure as well as a physical spacer. The deposited 
AuNC/PANI core/shell nanostructures show extinction signature of a single particle due to 
the presence of the PANI shells which damp the LSPR coupling even for close packing. 
The closest distance between AuNCs with the thinnest PANI shells is 26 nm, which is 
larger than the electromagnetic field decay length (24 nm) of the AuNCs obtained from 
Figure 8.9: (a,b) Topographical AFM images of AuNC/PANI core/shell nanostructures 
with 37 nm PANI shells and (c) corresponding cross-sectional heights of a monomer and 
a dimer. (d) Hyperspectral image of the scattering from the nanoparticles corresponding to 
the same position of the AFM image shown in (a). The single particle scattering spectra of 
the marked (e) monomer (1) and (f) dimer (2) nanocubes in the AFM and hyperspectral 
images (see b and d). 
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FDTD simulations. Therefore, the AuNC/PANI core/shell nanostructures can be coated on 
diverse substrates with varying thickness in a reproducible manner without losing their 
original LSPR properties, even in the case of highly packed AuNC/PANI core/shell 
nanostructures on substrates. In contrast, bare AuNCs tend to form aggregates and couple 
with each other and lose their original characteristics due to peak shifts and strong coupling 
bands appearance, especially at a high density of nanoparticles. 
Another feature is that the AuNC/PANI core/shell nanostructures synthesized here showed 
much larger LSPR shifts under electrical potential and significantly better stability than 
other electrically tunable plasmonic nanostructures. For example, only a 17 nm LSPR shift 
was demonstrated for a 50 nm-thick PANI planar film while our AuNC/PANI core/shell 
nanostructures showed an LSPR shift of 21.1 nm with 18 nm thick PANI shells.298 Our 
AuNC/PANI core/shell nanostructure also exhibited a higher LSPR shift with a smaller 
amount of active media (PANI shells) than our previous electrically tunable AgNC 
monomer/ECP-Blue-WS hybrid system, which showed 3.1 nm LSPR shifts with a 55 nm 
thick ECP-Blue-WS layer.269 On the other hand, the LSPR shift of AuNC/PANI core/shell 
nanostructures (22 nm shift with a 26 nm PANI shell thickness) are similar to that of a 
PANI/Au/PANI sandwiched structures, with an LSPR shift of 24 nm with a 50 nm total 
PANI thickness (25 nm for each PANI layer).311 An AgNC dimer with a 55 nm thick ECP-
Blue-WS layer also showed a similar LSPR shift of 23.7 nm.269 Importantly, our 
AuNC/PANI core/shell nanostructures with optimized electrochemical conditions 
displayed much better stability as shown in Figure 8.5e, f. It was shown that the 
AgNC/ECP-Blue-WS layer composite exhibited LSPR peak drift during cycling 
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tests.269 Furthermore, It was also reported that the LSPR signature can be lost during 
electrochemical switching.311 
We suggest that the effective and reversible LSPR modulation of the AuNC/PANI 
core/shell nanostructures reported in this study is due to the PANI shell covering all facets 
of the AuNC core with intimate contact provided by polymerization at gold surface. 
Moreover, AuNC/PANI core/shell nanostructures possess other advantages for tuning the 
LSPR over other systems. First, the LSPR of AuNC core is easily modulated by applying 
an electric potential using the electroactive PANI shell, which can potentially be employed 
for electrical potential control in device-related environment.384, 420 In addition, no data 
processing is required to analyze the LSPR shift of AuNC core because of the relatively 
thin PANI shells, which provide additional convenience for direct observation of the LSPR 
shift in real time if needed. It distinguishes them from conventional Au/PANI layered 
structures in which a careful subtraction of the PANI peak was necessary to evaluate the 
LSPR peak shift due to the strong extinction of the thicker PANI layer.298, 311 
In conclusion, we have synthesized AuNC/PANI core/shell nanostructures with precise 
control of the electrochromic PANI shell thickness. AuNC/PANI core/shell nanostructures 
can be readily assembled on conductive ITO substrates using a simple and scalable 
spraying technique with the PANI shells preventing the common uncontrollable coupling 
of AuNCs. These AuNC/PANI core/shell nanostructures could deliver significantly 
reversible and easily detectable LSPR peak shifts with an optimized electrical potential 
window and an electrolyte. More importantly, the electroactive PANI shells act as active 
media to tune the LSPR shift as well as spacers to prevent coupling between AuNC cores. 
Single nanoparticle hyperspectral measurements and FDTD simulations show that the 
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thicker PANI nanoshell indeed effectively prevent plasmon coupling between the plasmons 
of individual AuNCs in close proximity. 
Finally, FDTD simulations showed that increasing the shell thickness around the 
electromagnetic field decay length of plasmonic nanoparticles results in most significant 
LSPR shifts. The validated theoretical relationship can be widely applied for core/shell 
designs to optimize the active media thickness when designing responsive plasmonic 
nanostructures. We suggest that the water-dispersible AuNC/PANI core/shell 
nanostructures demonstrated in this study could easily be deposited onto a wide range of 
complex substrates required in practical device applications. Moreover, our method can 
readily be used for facile fabrication of core/shell electroactive systems such as 
multifunctional electrochromic devices, sensors, light modulators, and solar cell 
components by spraying over large surface areas of supporting electrodes without need for 




CHAPTER 9.  DESIGN OF HYBRID ELECTROCHROMIC 
MATERIALS WITH LARGE ELECTRICAL MODULATION OF 
PLASMONIC RESONANCES 
9.1 Introduction 
Active control of plasmonic signals can be achieved by implementing various stimuli-
responsive materials (matrices) interfaced with metal nanoparticles that can exist in 
different electronic or conformational states as triggered by external means. Photochromic 
organic and polymeric materials are widely known for their reversible transformations 
under light illumination.302, 355-357, 421 For instance, we have recently employed thermally 
stable azobenzene-modified oligomeric silsesquioxanes as photoresponsive matrices for 
real-time LSPR modulation.303 An electric potential stimulus can be controlled in a highly 
reproducible and practical manner and is therefore considered to be advantageous for 
nanoscale light modulation at optical frequencies.120, 385, 387, 388 An early example of a fully 
inorganic plasmonic electrochromic system based on silver nanoparticles (AgNP) and 
WO3 was reported by Wang and Chumanov.389 Since then, significant progress has been 
achieved in purely inorganic electrochromic materials.422 A large variation in real and 
imaginary dielectric constants occurs when thin films of electropolymerized conjugated 
polymers, such as PANI and PEDOT, are oxidized electrochemically or chemically.393, 394, 
423 
This property of electrochromic polymers (ECPs) makes it possible to create functional 
media for electrochemical LSPR modulation.298, 299, 305, 311, 312, 390-392 For instance, in recent 
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study, we employed a well-established ECP of PANI to create core/shell nanostructures 
with an electrically tunable LSPR.292 Over the years, many conjugated electrochromic 
polymers with tunable light absorption in different ranges of the visible spectrum have been 
synthesized for applications in display technologies and smart windows.424, 
425 Furthermore, by variation of the side-chain functionalities, the solubility of these 
polymers in organic as well as aqueous solvents was improved, enabling solution 
processing. However, the full potential of hybrid systems that incorporate both organic and 
inorganic materials has yet to be realized. The major challenge is the preparation of these 
materials from presynthesized and well-characterized components by simple bottom-up 
methods. 
We have recently employed a water-processable version of a switchable electrochromic 
polymer based on poly(3,4-propylenedioxythiophene-co-4,7-benzothiadiazole) with an 
absorption maximum centered at 620 nm to induce an LSPR shift in AgNCs.269 However, 
due to the low oxidation potential of silver, the fully oxidized state of most ECPs cannot 
be accessed, which undermines the attainable LSPR modulation. The overall 
electrochemical stability can be improved by utilizing electron-rich ECPs with high 
HOMO (highest occupied molecular orbital) values and low oxidation potentials. 
Furthermore, tuning the HOMO–LUMO (lowest unoccupied molecular orbital) gap of the 
ECP allows shifting of the absorption maximum and the dielectric function variation to 
allow the modulation of LSPRs at any wavelength.425 
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In this study, we report robust electrically tunable plasmonic hybrid materials that showed 
reversible and stable LSPR modulation under external applied potential cycling. An 
electron-rich alkoxy-substituted poly(3,4-propylenedioxythiophene) 
[PProDOT(CH2OEtHx)2], which switches from a magenta color to transmissive upon 
oxidation, was chosen as an electrochemically active layer (Figure 9.1). This polymer, 
termed ECP-M, was designed to have excellent solubility in organic solvents and a low 
oxidation potential. Chemical vapor-phase oxidative doping of ECP-M films allowed us to 
determine the refractive index of neutral and conductive states of the polymer by 
spectroscopic ellipsometry. We determined that ECP-M shows strong reversible refractive 
index variation of up to −0.28 in the visible and near-infrared (NIR) range and up to +0.15 
at 370–540 nm when chemically oxidized. The polymer was then combined with AuNRs 
with extinction centered at 650 nm (in water) by using simple solution processing 
techniques such as spin-coating and spray coating. 
Figure 9.1: Experimental setup for electrooptical plasmon modulation with hybrid 
AuNR/ECP nanomaterials. A thin layer of electrochromic ECP-M material covers the gold 
AuNRs deposited on an ITO slide. Chemical or electrochemical oxidation results in a 
change in refractive index of ECP-M. The refractive index change results in modification 




After optimizing the electrochemical conditions and polymer layer thickness, we observed 
a large and fully reversible 27 nm blue shift of the AuNR LSPR that can be detected in real 
time. This shift is an order of magnitude larger than that obtained by us previously when 
using a composite material prepared by a bottom-up approach from AgNCs and a blue 
electrochromic polymer.269 Notably, in this report, the 40 nm ECP polymer film provided 
an effective and stable variable refractive index medium due to the short decay of the 
electric field in the vicinity of AuNRs, as further confirmed by FDTD simulations. 
9.2 Experimental Details 
Deposition of AuNRs on Transparent ITO Substrates: For substrate preparation, ITO slides 
(Delta Technologies, Ltd., 7 × 50 × 0.7 mm, sheet resistance =15–25 Ω) were sonicated in 
dichloromethane, acetone, methanol, and ultrapure water (Nanopure system, Barnstead, 
resistivity ≥18.2 MΩ·cm) for 15 min each. Washed ITO slides were dried and plasma-
treated for 10 seconds with 100 mTorr air to impart a negative charge. The AuNR stock 
solution prepared as discussed above in water (10 mL, optical density at λmax ∼ 1) was 
concentrated via centrifugation (6,000 rpm for 15 minutes) and redispersed in ultrapure 
water (2 mL). 
Preparation of Electrochromic Polymer Coatings: Bare ITO slides were cleaned by UV–
ozone for 30 minutes prior to coating. The solution of ECP-M in toluene (1–2 wt %) was 
spin-cast onto silicon or ITO substrates at 1000–3000 rpm for 60 seconds. The solutions 
were filtered through a mesh size of 100 nm before spin-coating, and the films were dried 
in ambient conditions before measurements.  
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Polymer Oxidative Doping: Oxidation of ECP-M thin polymer films was achieved by 
exposure to iodine vapor for 30 seconds in a closed 20 mL vial. The films were briefly 
dried in air before UV–vis measurements and spectroscopic ellipsometry without 
intermediate washing steps. Deoxidation was performed by exposure of the oxidized thin 
film to hydrazine vapor (caution: hydrazine is highly toxic). Several drops of aqueous 
solution of hydrazine hydrate were placed in a 20 mL test tube, which was heated to 70 °C 
on a hot plate. A slide with a polymer film was placed into the test tube until the recovery 
of magenta color (around 10 seconds of exposure time). 
Finite-Difference Time-Domain Simulations: FDTD simulations were conducted with a 
mesh size of 0.25 nm. Individual AuNRs with a diameter of 15.2 nm and a length of 39.4 
nm, based on an average of TEM measurements, were modeled on an ITO substrate. The 
nanorod end facets were approximated as ellipsoids with an ellipsoid radius of 15 nm. For 
calculation of the electromagnetic field decay length, a nanorod in water (n = 1.33) was 
modeled with a silica (n = 1.49) shell of varying thickness (1–40 nm). 
9.3 Results and Discussion 
 Polymeric thin films and refractive index measurements 
As a first step, we optimized the fabrication of thin films of the electrochromic magenta-
colored polymer, which switches to a highly transmissive state upon electrochemical 
oxidation and can be converted between states by chemical redox processes (Figure 9.2a). 
The organic-soluble polymer was dissolved in toluene and spin-cast onto transparent ITO 
substrates as well as silicon wafers. 
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We observed that ECP-M formed smooth and uniform thin (60 nm) films with a root-mean-
square roughness (Rq) of 1.5 nm (Rq was based on analysis of a 5 × 5 µm2 topographical 
AFM image) that facilitates the fabrication of uniform materials with nanostructures and 
allows us to reliably determine the dielectric constants of the material (Figure 9.2b). 
Notably, the spray-coated films from the same polymer had an increased Rq of 14.7 nm 
(Figure F.1). The higher microroughness of spray-cast films makes it difficult to reliably 
establish the dielectric functions, and thus they have not been used here. 
In situ spectroscopic ellipsometry of ECP films during electrochemical oxidation requires 
a complex electrochemical setup and extensive modeling due to the presence of the 
electrolyte solution and electrochemical cell walls.426 On the other hand, chemical 
oxidative doping of thin films of electrochromic polymers can be achieved in vapor phase 
by use of strong oxidizing reagents such as iodine.427 Polythiophene-based ECPs undergo 
oxidative p-doping with the formation of a polaron (cation radical) and, subsequently, 
bipolaron (dication) with an iodide anions providing charge neutrality.428 Considering this, 
we suggested that chemical oxidative doping would provide a conductive form of ECP-M 
that will be amenable to spectroscopic ellipsometry measurements. 
The high stability of the oxidized form of the polymer allows measurement of the complex 
refractive index of the smooth and uniform thin film. Furthermore, the polymer could be 
switched to its original reduced neutral state by treatment with hydrazine vapor. Indeed, 
exposure to iodine vapor for less than 1 min resulted in disappearance of polymer 





Figure 9.2: Chemical manipulation of the oxidation state of ECP-M films. (a) ECP-M 
repeat unit structure with oxidation by iodine and reduction by hydrazine. (b) 
Topographical AFM images of as-prepared ECP-M thin films. Z-scale is 10 nm. (c) Vis–




thus confirming fast and reversible transformation (Figure 9.2c). In order to reliably 
establish the real part of the complex refractive index of the absorbing polymer in oxidized 
[n(λ)ox] and reduced [n(λ)red] states, we independently obtained the thickness of the 
polymer film from an AFM scratch test (158 ± 5 nm for this case). Good agreement 
between the extinction coefficients (k(λ)) obtained from ellipsometry and the data from 
transmission spectroscopy supports the validity of the data analysis (Figure 9.2c 
and Figure 9.3a). 
The difference in the real part of the refractive index between two oxidation states of ECP 
determines the magnitude of the LSPR shift of plasmonic nanostructures embedded in the 
polymer matrix.324 Spectroscopic ellipsometry showed a pronounced change in the real 
part of the complex refractive index upon oxidation and reduction of the polymer (Figure 
9.3b). The differential spectrum that shows the change in refractive index at a particular 
wavelength [∆n(λ)] was obtained by subtracting the refractive index in the neutral reduced 
state from that in the oxidized state [∆n(λ) = n(λ)ox – n(λ)red] (Figure 9.3c). 
Figure 9.3: Spectroscopic ellipsometry measurements on ECP-M thin film in reduced and 
oxidized states. (a) Imaginary part of the complex refractive index for oxidized and reduced 
states of ECP-M. (b) Real part of the complex refractive index for oxidized and reduced 
states of ECP-M. (c) Change in real part of the complex refractive index [∆n(λ)] upon 
oxidation of ECP-M with iodine. 
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∆n changes dramatically for different wavelengths and increases from 375 to 545 nm, with 
a maximum increase reaching 0.15 at 475 nm (Figure 9.3c). The isosbestic point of the 
refractive index change is located at 545 nm. At higher wavelengths, the real part of the 
refractive index decreased after oxidation with the global maximum negative refractive 
index change of −0.28 observed at 605 nm (Figure 9.3c). These data indicate that the 
highest LSPR modulation could be obtained within the range of 600–700 nm that guided 
synthesis of AuNRs with proper aspect ratio (see below). Furthermore, oxidation of the 
ECP-M matrix will result in red shift of LSPRs located at 375–545 nm and blue shift of 
LSPRs located at higher than 545 nm wavelengths. 
 Synthesis of gold nanorods and fabrication of nanocomposites 
In order to take full advantage of the large refractive index variation in ECP-M polymer 
upon oxidation and reduction, nanostructures with high refractive index sensitivity and the 
proper LSPR spectral position are required to maximize the refractive index sensitivity 
(RIS).262 The RIS is defined as the spectral shift of the LSPR per refractive index unit 
change in the nanoparticle-surrounding medium. The figure of merit (FOM) is an important 
measure of the sensory performance of metal nanoparticles and is defined as FOM = 
RIS/FWHM, where FWHM is the full width at half-maximum of the plasmon 
peak.17 AuNRs have strong extinction in the visible wavelength range due to excitation of 
the longitudinal plasmon mode. The extinction of AuNRs can be tuned by changing the 
aspect ratio. For AuNRs, experimental RIS values were reported to be in the range from 
150 to 300 nm/RIU (refractive index unit), and the FOM value can be as high as 3 
depending on the nanorod aspect ratio.368 Although silver nanoparticles might have higher 
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RIS, the lack of oxidative stability makes AuNRs the nanostructures of choice for this 
electrochemical study.429, 430 
We therefore synthesized AuNRs with an aspect ratio of 2.5 (median 42 nm length, 17 nm 
diameter) that display an extinction peak at 650 nm in water (Figure 9.4a, c). We employed 
a spray coating approach in which the aqueous solution of AuNRs was sprayed onto the 
ITO slides in order to form uniform films (see Experimental Details). AFM images show 
that the AuNRs were uniformly distributed with minimal aggregation (Figure 9.4a). UV–
vis spectra of AuNR/ITO samples showed a small aggregation peak at 780–850 nm 
depending on the environment, but since the intensity of this peak is small compared to the 
monomer mode, we did not consider aggregation and nanoparticle coupling in our further 
analysis. It should be noted that AuNR aggregation could be induced by increasing the 
number of spray-coating cycles; however, such coupled systems are outside the scope of 
the current work. On the basis of comparison of the LSPR band position in water (677 nm) 
and air (626 nm), and with the refractive index difference between the two media (∆n = 
0.33) taken into account, the RIS of the AuNR/ITO material was evaluated to be 154 
nm/RIU, which is significantly higher than that of gold nanospheres and nanocubes 
(Figure 9.4c).368 
Next, a thin layer of electrochromic polymer ECP-M was spin-cast on top of the AuNRs 
to create an electrically responsive polymer/nanorod material. In order to evaluate the 
plasmonic behavior and stability of these AuNR/ECP materials, we prepared them with 
different thicknesses (Figure 9.5a). 
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Importantly, the nanorod distribution remained intact during spin coating due to the 
inherent solubility difference between water-dispersible AuNR particles and organic-
soluble ECP-M. We did not observe lower nanorod density after deposition of an EPC-M 
layer in topographic AFM images (Figure 9.5a). Furthermore, UV–vis spectra before and 
after deposition of the polymer showed neither significant LSPR broadening nor 
aggregation peaks (Figure 9.5b). Extinction spectra show that the LSPR resonance has 
red-shifted significantly in the AuNR/ECP film. The 96 nm red shift matches well with the 
difference in n(λ) between air and the ECP-M layer (∼0.62 at 710 nm) as estimated from 
the RIS of 154 nm/RIU (Figure 9.3c and Figure 9.4c). Importantly, since the AuNRs have 
Figure 9.4: (a) (Left) TEM image of AuNRs synthesized in this study and (middle and 
right) topographical AFM images of AuNRs deposited on the conductive ITO substrate by 
spray coating. (b) Statistical distribution of nanorod length and width as determined from 
TEM. (c) Normalized UV–vis extinction spectra of AuNRs in water, on ITO substrate in 
air, and in water. 
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electromagnetic field enhancement mostly confined at their tips, the electric field decay 
length in the direction normal to the substrate is very short. Indeed, Tian et al. estimated 
the decay length to be 23 nm for 17 × 45 nm nanorods.431 Therefore, a very thin polymer 
coating should be sufficient to have the maximum effect on LSPR resonance modulation. 
 Electrochemical modulation of the localized surface plasmon resonance 
As was shown in Figure 9.3, chemical oxidation results in dramatic changes of the 
dielectric function in the visible and NIR parts of the electromagnetic spectrum. Due to the 
high sensitivity of AuNRs to the surrounding dielectric environment, a significant blue 
shift of the LSPR resonance can be expected as well during electrochemical oxidation of 
the conjugated polymer matrix. We therefore performed comparative electrochemical 
studies on AuNRs, ECP, and the AuNR/ECP-M material, using a three-electrode 
spectroelectrochemical setup for real-time monitoring of extinction spectra during 
application of an electric potential (Figure 9.6). 
Figure 9.5: (a) AFM topographical images of AuNRs covered with 40 nm (left) and 60 nm 
(right) layers of ECP-M polymer. Z-scale is 15 nm. (b) Extinction spectrum of AuNR/ECP 
material (with absorbance of 40 nm polymer layer subtracted) in comparison to bare 
AuNRs on ITO. 
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As a reference experiment, we first performed spectroelectrochemistry of the AuNRs 
adsorbed on the ITO substrate without an ECP layer. When AuNRs on ITO material were 
subjected to the applied potential, we observed a 3 nm red shift of the longitudinal mode 
as the potential was increased from −0.2 to 0.5 V (vs Ag/Ag+), with a slight decrease of 
LSPR intensity (Figure 9.6a, b). 
This very modest shift can be explained by electron transfer from the AuNR to ITO that 
decreases the electron density on the nanorods, as was discussed in earlier publications.431-
433 The effect is reversible and can be reproduced over more than 10 cycles. A slight 
Figure 9.6: Spectroelectrochemistry experiments performed on AuNR/ITO in 
LiBTI/acetonitrile as an electrolyte. (a) Plasmonic response to the applied potential. (b) 
LSPR peak wavelength and magnitude. (c) Example of LSPR response during applied 
potential cycling between −0.2 and 0.5 V (vs Ag/Ag+). Red dotted lines indicate 
electrochemical oxidation. (d) Extinction spectra of AuNR/ITO material before and after 
50 cyclic voltammetry (CV) cycles that show electrochemical stability. 
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decrease in LSPR intensity was observed over 10 cycles, indicating possible nanorod 
desorption or partial oxidation (Figure 9.6c). Partial gold oxidation could also be 
concluded from the gradually blue-shifting LSPR wavelength, which could be a sign of 
nanoparticle truncation due to the presence of thermodynamically unstable high-order 
facets. After 50 cyclic voltammetry (CV) cycles there was virtually no difference in the 
extinction spectrum features, which indicates high oxidative stability (Figure 9.6d). 
Furthermore, for benchmarking the electrochromic material, spectroelectrochemical 
measurements were first performed on 40 nm thin purely polymeric films that contained 
no AuNRs (Figure 9.7). In these measurements, we found that the optimal potential 
window for ECP-M oxidation and reduction is −0.2 to 0.5 V vs (Ag/Ag+) when performed 
in 0.5 M bis(trifluoromethyl)sulfonylimide (LiBTI) in acetonitrile or in 
tetrabutylammonium hexafluorophosphate (TBAPF6) in propylene carbonate (PC). We 
chose the former conditions to optimize stability as well as LSPR modulation during 
multiple electrochemical cycles. Upon electrochemical oxidation, the ECP-M absorption 
Figure 9.7: Electrochemical measurements of ECP-M on ITO. (a) Electrochromic 
behavior of ECP-M under applied electric potential between −0.2 and 0.5 V (vs Ag/Ag+) 




peak centered at 550 nm completely disappears when the applied potential reaches 0.5 V, 
and the absorbance recovers completely at −0.1 V (Figure 9.7a). Cyclic voltammetry (CV) 
was then used to characterize and evaluate the stability of the electroactive ECP-M layer 
(Figure 9.7b). The as-prepared ECP-M films show minimal current variation after 10 
“break-in” cycles, which demonstrates negligible polymer dissolution. 
Finally, the plasmonic behavior of AuNRs embedded within a 40 nm ECP-M layer was 
evaluated under the same electrochemical conditions (Figure 9.8). In order to extract the 
extinction spectrum of AuNRs, the absorbance spectra of an ECP-M layer with the same 
thickness was recorded under the same conditions and subtracted from the composite 
spectrum (Figure 9.8b). We found that as the ECP-M matrix was electrochemically 
oxidized, the LSPR peak of the AuNRs exhibited a pronounced blue shift of 27 nm. 
The fully reduced hybrid material shows an LSPR peak at 722 nm at −0.2 V. When the 
applied potential was switched to 0.5 V in 0.1 V increments, we observed a gradual blue-
shifting of the LSPR, as expected from the refractive index variation of ECP-M (Figure 
9.3 and Figure 9.8). Notably, this blue shift was opposite to the red shift that was observed 
for AuNRs without the ECP-M layer. A noticeable decrease in LSPR intensity (LSPR 
damping) was also observed under an applied positive potential (Figure 9.8b, c). The 
LSPR damping can be attributed to the increase in extinction of the ECP-M polaron band 
during electrochemical oxidation.428 Importantly, the AuNR/ECP-M nanomaterial could 
be oxidized and reduced reversibly within seconds and maintained a strong LSPR response 






Figure 9.8: (a) Electrochromic behavior of AuNR/ECP-M films under applied potential in 
LiBTI/acetonitrile electrolyte. (b) Same spectra with absorbance of the polymer layer 
subtracted to make the LSPR contribution to the extinction more visible. (c) Extinction and 
LSPR wavelength changes under applied electrical potential. 
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The LSPR shift consistency was highest when the LiBTI/acetonitrile electrolyte was used 
and while the electric potential was maintained within −0.2 to 0.5 V. We achieved a stable 
reproducible LSPR modulation in the AuNR/ECP-M nanomaterial over 10 oxidation–
reduction cycles (Figure 9.9a). Furthermore, the AuNR/ECP-M thin film showed full 
electrochemical bleaching of ECP-M visible light absorption (Figure 9.9b) and highly 
stable and reproducible CV response for over 50 cycles (Figure 9.9c). 
Comparison of the results in Figure 9.9a with those in Figure 9.6c indicates significantly 
improved stability of the composite material when compared to bare AuNRs (Figure 9.6). 
We suggest that ECP-M acts as an electroresponsive material as well as a physical barrier 
to prevent AuNR desorption and significant gold dissolution during cycling. The polymer 
film thickness may have a significant impact on electrochemical behavior of the 
AuNR/ECP-M material. We therefore tested the electrical modulation of thicker ECP-M 
films (60 and 120 nm). We did not observe any difference in nanocomposite stability when 
thicker (60 and 120 nm) polymer films were used (Figure F.2 and Figure F.3). 
Furthermore, the magnitude of the LSPR shift, contrary to our expectations, decreased with 
increasing polymer thickness (Table 9.1). This effect can at least be partially explained by 




Figure 9.9: Cycling stability of AuNR/ITO material. (a) Electrochemical switching for 10 
cycles in LiBTI/acetonitrile as an electrolyte. Red dotted lines indicate electrochemical 
oxidation. (b) Comparison of extinction spectra before and after 50 CV cycles. (c) Cyclic 
voltammogram of AuNR/ECP-M material (cycles 1–50) at 50 mV/s. 
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Table 9.1: Comparison of experimental and simulated LSPR band positions. 
Sample Reduced (nm) Oxidized (nm) LSPR Shift (nm) 
AuNR only 677 ± 1 680 ± 1 3 ± 1 
AuNR/ECP-M (40 nm)b 719 ± 1 691 ± 1 27 ± 1 
AuNR/ECP-M (60 nm)b 715 ± 1 691 ± 1 24 ± 1 
AuNR/ECP-M (120 nm)b 706 ± 1 687 ± 3 18 ± 2 
Simulated extinctiona 723 699 24 
Simulated scatteringa 723 695 28 
a LSPR wavelength after subtraction of the polymer layer absorbance 
b From FDTD simulations 
 Finite-difference time-domain simulation of plasmonic phenomena 
In order to better understand the underlying mechanism for LSPR modulation, we 
performed FDTD simulations with dielectric constants of ECP-M obtained from 
spectroscopic ellipsometry during oxidative doping (Figure 9.3). Because the primary 
interest was the longitudinal LSPR band, simulations were run with only longitudinal 
polarization (polarization parallel to the length of the rod), resulting in the transverse peak 
not being visible on simulated curves (Figure 9.10). 
Peak positions of a single AuNR on an ITO substrate in air and in water environments were 
found to be 622 and 677 nm, respectively, which agreed well with the experimentally 
obtained peaks of 627 and 672 nm (Figure 9.4c and Figure F.4). The slight red shift of the 
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simulated peaks can most likely be attributed to slight differences in the shape or size of 
the modeled nanorods. It should be noted that an aspect ratio difference of as little as 3% 
shifts the simulated LSPR peak by 8 nm. 
For reduced and oxidized 60 nm thick ECP films overlaid on top of the AuNRs, the 
respective LSPR peaks were 723 and 700 nm compared to the experimentally observed 
717 and 696 nm (Figure 9.10a and Table 9.1). Electromagnetic field monitors confirm 
that the main LSPR peak used in this study is indeed a longitudinal mode, with areas of 
high field enhancement located at the ends of the nanorod (Figure 9.10c). A 3D model 
based on electromagnetic field enhancement further illustrates the dipole shape of the 
nanorod longitudinal resonance (Figure 9.10c). Higher near-field enhancements were seen 
Figure 9.10: FDTD simulations of AuNR/ECP-M materials. (a) Simulated extinction 
spectra of ECP/AuNR material in oxidized and reduced ECP-M states. (b) Simulated 
scattering spectra of ECP/AuNR material in oxidized and reduced ECP-M states. (c) Effect 
of polymer oxidation on electric field enhancement (E/E0) in the vicinity of AuNRs, and 




for the case of the AuNR surrounded by the reduced polymer compared to the case of the 
oxidized polymer, most likely due to the higher refractive index of this state that acts to 
more tightly confine the electromagnetic fields. 
The magnitude of the LSPR shift in hybrid plasmonic systems is highest when the thickness 
of the dielectric layer is equal to or larger than the nanoparticle electromagnetic field decay 
length.292, 316 Based on the results of spectroelectrochemical measurements, the increase in 
thickness of the ECP-M layer beyond 40 nm did not result in increase in the LSPR shift. 
Indeed, an electromagnetic field decay length of approximately 11 nm was estimated for 
the nanorods used in this study, based on a previous simulation method by Lu et al. (Figure 
F.5).434 Furthermore, the electric field enhancement is closely confined to the tips of 
AuNRs oriented parallel to the substrate (Figure 9.10c). It can therefore be concluded that 
a very thin ECP-M coating is sufficient to induce a significant plasmon shift in AuNR/ECP-
M material reported here with a total composite thickness as low as 25 nm. 
9.4 Conclusions 
By combining responsive electrochemical polymers with metal nanostructures that support 
surface plasmons, we generated a variety of electric field responses in which an electrical 
potential is converted to a change in light absorption and scattering. In the materials design 
suggested here, a refractive index variation of an electrochromic matrix caused by chemical 
oxidative doping is exploited to predict and study the plasmonic response of AuNRs. 
Spectrally matching AuNRs were synthesized that were tuned to sense the change in the 
oxidative state of the polymer matrix. For these hybrid materials, we achieved a significant, 
reversible, and reproducible LSPR shift of 27 nm thanks to a strong refractive index 
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variation of the electrochromic magenta-colored polymer matrix surrounding the AuNRs 
(∆n from +0.15 to −0.28). Notably, even the 40 nm ultrathin polymer film provided an 
effective refractive index medium due to the short decay of the electric field of the AuNRs. 
Overall, the LSPR modulation depth and switching stability of the nanoparticle/ECP 
material suggested, synthesized, and fabricated in this study are much higher than those 
reported in other studies for responsive metal/polymer materials prepared by bottom-up 
approaches. We envisage that, by using this approach, a virtually unlimited number of 
polymer/nanoparticle combinations can be fabricated that provide tunability of LSPR 
bands across the visible and near-IR portions of the electromagnetic spectrum with large 
and readily detectable changes in light extinction. Such electrically tunable hybrid 
nanomaterials will be of interest as optical signal modulators and switches in plasmonic 




CHAPTER 10.  DEWETTING-INDUCED PHOTOLUMINESCENT 
ENHANCMENT OF POLY(LAURYL 
METHACRYLATE)/QUANTUM DOT THIN FILMS 
10.1 Introduction 
Several methods have been developed for the enhancement of PL films. Introducing 
photonic crystals with photonic bandgaps at the emission wavelength can lead to 
enhancement factors as high as 20 due to the negligible absorption or transmission that can 
occur at the crystal surfaces.435-437 Purcell antennas can be formed using noble metal 
nanoparticles or shells that can enhance the PL of emitters as well, although this approach 
is very hard to control over large surface areas due to coupling interactions that may arise, 
and specific approaches must be tailored for different emission wavelengths.438-442 
Introducing scattering sites such as meshed surfaces,443 microspheres,444 and 
nanoparticles445 has also proven to be an effective way of allowing more light outcoupling 
and higher PL by improving emission outcoupling to the far field and by reducing the 
amount of waveguided modes within the films. These approaches are more universal in 
nature and have been used with a wide variety of surfaces and architectures. 
One method traditionally not considered for introducing scattering sites is the intentional 
dewetting of polymer thin films. Below approximately 100 nm, film interfaces with 
substrates are dominated by intermolecular interactions that are highly sensitive to 
perturbations in the environment.446, 447 Depending on the polymer film/substrate and 
polymer film/air interface energy potential, films may be stable, unstable, or metastable. 
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448, 449 For unstable films below a critical thickness, thermal annealing of a thin film 
polymer film can induce spinodal dewetting of films into patterns with a characteristic 
length scale. Besides directly raising the temperature above the glass transition, a 
polymer’s chain mobility can be increased by immersing it in a poor solvent, thereby 
lowering its glass transition temperature.447, 450 Solvent-assisted dewetting has also shown 
to enable stronger electrostatic interactions rather than weak van der Waals ones that 
promote faster dewetting and smaller characteristic lengths.447, 451 While the mechanisms 
behind the dewetting process have been the subject of intensive research, few studies have 
investigated the optical properties of such dewetted films and the incorporation of other 
optical materials. 
In this work, a facile, scalable, and fast method of enhancing QD PL on surfaces is 
presented. By intentionally dewetting a composite QD-containing poly(lauryl 
methacrylate) (PLMA) thin film with ethanol vapor, scattering sites are created and 
Figure 10.1: Schematic of the thin film morphology before and after ethanol treatment. 
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waveguided modes are broken up (Figure 10.1). PL enhancement factors of up to 5 over 
large areas (centimeter size) are realized using this method without the use of further cost- 
or time-intensive processes. 
10.2 Experimental Details 
PLMA/QD composite films: To prepare PLMA/QD composite films, 50 µL of QDs in 
toluene were first crashed out by adding acetone and centrifuging at 12,000 rpm for 10 
min.  After centrifugation, the supernatant was drained and 120 µL of PLMA of varying 
wt% (0.25-2%) in toluene was added. QDs were dispersed in solution by rotomixing for 
30 s followed by sonication for 10 s. Longer sonication times were found to promote 
aggregation of the QDs. Films were then cast from solution onto silicon substrates by spin 
coating at 3k rpm for 30 s. 
Dewetting procedure: PLMA/QD films were dewet immediately after being cast onto 
silicon substrates, as long dwell times promoted film adhesion to the substrate and resulted 
in no dewetting behavior. Films were then sprayed with ethanol using a spray gun (Iwata 
HP-CS) at 10 psi for 1 s in such a way that the substrate was only misted and so that the 
ethanol evaporated quickly. Longer evaporation times were found to lead to complete 
delamination of the film or irregular dewetting behavior. After treatment, films became 
visibly blue.  For photopatterning beforehand, films were placed under a mask and exposed 
to a 120 W mercury arc lamp (Lumen Dynamics, X-cite series, 120Q) for half an hour.  
10.3 Results and Discussion 
 PLMA/QD film morphology  
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PLMA/QD films were first characterized before dewetting to examine their thicknesses 
and morphologies prior to ethanol exposure. The films were found to scale roughly linearly 
in thickness with the PLMA concentration in solution as expected, with thicknesses of 9, 
20, 26, 48, and 116 nm for respective PLMA solution concentrations of 0.25, 0.5, 0.75, 1, 
and 2 wt% (Figure 10.2a). The corresponding RMS surface roughness was found to 
decrease from 3.3 nm to 0.9 nm with an increase in film thickness from 0.25 wt% to 2 wt%, 
which is most likely due to QD aggregations being more fully encompassed within the 
films (Figure 10.2b). In a 0.5 wt% film for instance, PLMA/QD film surfaces appear 
mostly uniform but do display some aggregation and a 2.9 nm RMS roughness (Figure 
10.2c). Corresponding AFM phase images also reveal slight phase separation within the 
film between the PLMA and QDs, although separation distances are below the diffraction 
limit and do not appear to alter the optical properties (Figure 10.2d). 
Upon 1 s exposure to ethanol vapor and subsequent drying, PLMA/QD film morphologies 
were found to dewet in a manner dependent on the initial thicknesses of the films. In 
contrast, thermally annealed films dewet over much longer time periods of minutes or 
hours. It should also be noted that films aged >24 h in air became stable, most likely due 
to the evaporation of residual solvent, and did not display dewetting behavior. 0.25 wt% 
film features could not be resolved optically, although the dark field image appeared blue 
and composed of many scattering sites (Figure 10.3a). AFM images reveal a droplet 
morphology commonly associated with the dewetting behavior of very thin films (Figure 
10.3b).449 Micron-sized “coffee rings” are apparent as well that can be attributed to the 
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ethanol vapor droplet evaporation, although no differences in morphology or QD 
concentration were seen between ring centers and edges.  
The 0.5, 0.75, and 1 wt% PLMA/QD films all displayed network-like Voronoi patterns 
consistent with spinodal dewetting before droplet formation (Figure 10.3c,d and Figure 
G.1). Such patterns arise due to the interfacial energy between the film and the substrate 
and variations in local film density, which lead to variations in the Hamaker constants and 
areas of high conjoining pressure.452 Due to the increased thickness of the films and 
therefore the weaker energies between the film/substrate and film/ethanol interfaces, films 
did not form into droplets as seen for the 0.25 wt% film. Maximum feature heights were 
Figure 10.2: (a) PLMA/QD composite film thickness as a function of PLMA wt% in 
solution before spin coating. (b) AFM topography of a 0.25 wt% PLMA/QD film. The Z-
scale is 14 nm. (c) Corresponding phase image. Scale bars are 500 nm. 
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seen to drastically increase after dewetting and were found to scale linearly with the initial 
film thickness (Figure G.2). The dark field image of the 1 wt% film also depicts several 
areas of the film that did not completely dewet, as evidenced by their lack of scattering 
despite the same Voronoi pattern elsewhere (Figure G.1). 
 The 2 wt% film exhibited little dewetting, and ethanol vapor exposure only resulted in the 
random formation of holes with a uniform diameter, which can be attributed to the much 
Figure 10.3: Dark field and corresponding AFM images of PLMA/QD films after 
dewetting with PLMA solution concentrations of (a), (b) 0.25 wt%, (c), (d) 0.75 wt%, and 
(e), (f) 2 wt%. Scale bars are 35 µm for the dark field images, 5 µm for (b), and 10 µm for 
(d) and (f). 
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larger thickness of the film and consequently its higher resistance to dewetting. Such 
dewetting behavior is independent of the global spinodal process and more indicative of 
local defect nucleation.449 In this case, the excess composite material is not driven to areas 
of high conjoining pressure but instead deposits as rims around the holes (Figure 10.3e, f).  
For all films, it should be noted that the volume of the films stayed approximately the same 
before and after the dewetting process (Figure G.3); volumes after dewetting are slightly 
larger than before, but this effect can be attributed to AFM tip convolution when measuring 
the dewetted samples. Importantly, this observation indicates that no portion of the 
PLMA/QD film completely dewets from the substrate during ethanol treatment. The 
dewetted 0.25, 0.5, and 0.75 wt% films also exhibited increasing respective characteristic 
length scales of 1.2, 4.8, and 8.29 µm as derived from the FFT transformation of the AFM 
images. Apart from confirming a feature size increase with a corresponding film thickness 
increase, the characteristic lengths are seen to scale linearly similarly to the maximum 
feature size. The 1 wt% film however featured a similar characteristic length to that of the 
0.75 wt% film of 8.18. This observation may indicate a maximum feature size of the 
dewetting process, and further film thickness increases may result solely in dewetting 
inhibition, as seen with the 1 wt% film dark field image (Figure G.1). 
 Dewetting-induced photoluminescent enhancement 
Upon exposure to ethanol vapor, the drastic film morphology changes seen in scattering 
affect the PL properties as well (Figure 10.4a, b). It is apparent that the regions that 
correspond to high amounts of scattering also correlate with high PL. While the increased 
brightness of the scattering sites can partially be attributed to higher volumes of material 
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in these areas, the PL remains higher than that before dewetting over averaged surface areas 
(Figure 10.4c). The mechanism behind this enhancement is proposed to be a reduction of 
internal waveguiding within the film and a corresponding increase in scattering that result 
in improved far-field outcoupling (Figure 10.4d). Indeed, previous studies have 
demonstrated the effectiveness of polymer/QD composites for waveguiding even under 
perpendicular excitation.208, 209 The enhancement effect was also determined to be 
relatively unaffected by the excitation wavelength and solely a result of the polymer 
reconfiguration, as a pure film of QDs exposed to ethanol vapor did not display any PL 
enhancement (Figure G.4 and Figure G.5). The scattering spectra of the dewet PLMA/QD 
films also do not overlap with the QD emission, as is required for photonic crystal 
Figure 10.4: (a) 0.5 wt% PLMA/QD thin film before dewetting. (b) 0.5 wt% PLMA/QD 
film after dewetting. Scale bars are 35 µm. (c) PL intensity of films before and after ethanol 
treatment. (d) Proposed mechanism for PL enhancement. 
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enhancement, meaning this process can be facilely applied to many different systems and 
materials.  
The effect of composite film thickness on the dewetting-induced photoluminescent 
enhancement can be seen in Figure 10.5. The 0.25, 0.5, 0.75, 1, and 2 wt% PLMA films 
display corresponding PL enhancement factors of approximately 3-, 4-, 5-, 2-, and 1-fold. 
Composite film thicknesses below 1 wt% PLMA (9, 20, and 26 nm-thick films) are seen 
to exhibit the largest PL enhancements upon dewetting, as thicker films do not dewet 
completely from the surface and consequently exhibit lower amounts of scattering (Figure 
G.6). This variation in the dewetting behavior also resulted in larger PL enhancement 
variability for the 1 and 2 wt% films, as seen by their corresponding intra-sample standard 
deviations (Figure 10.5a). 
The loading of the QDs in a PLMA/QD film with a fixed PLMA wt% was also seen to 
affect the PL enhancement properties (Figure 10.5b). In a 0.5 wt% PLMA solution, QDs 
were loaded with concentrations of 1.56, 3.12, 4.69, 6.25, and 12.5 mg/mL. Composite 
films with higher loadings were found to benefit less from the dewetting process, with 
average enhancement factors being 3-5 for concentrations below 6.25 mg/mL and 2-2.5 for 
6.25 and 12.5 mg/mL. Most likely, composite films with higher loadings exhibit naturally 
larger amounts of scattering due to an increased number of defects in the as-spun films and 




Figure 10.5: (a) PL as a function of initial PLMA/QD film thickness, with the 
concentration of QDs fixed. (b) PL as a function of the QD concentration, with the initial 
PLMA/QD film thickness fixed. 
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 Dewetting-based photopatterning: 
Because the PL enhancement is correlated with the dewetting behavior of the film, one can 
easily pattern areas of enhanced PL by modifying the film adhesion strength with the 
substrate. One possible route is by exposing films to light through a photopattern mask 
(Figure 10.6a). This process is able to selectively modify the polymer layer by light 
absorption in a manner analogous to baking by removing residual solvent and promoting 
surface adhesion. Baking processes were avoided due to the possibility of creating defects 
in the QDs at high temperatures and the limited spatial resolution achievable by heat 
transfer methods. Directly after light exposure, patterned areas of the film exhibited no PL 
enhancement or reduction, signifying that the QDs themselves are stable enough to remain 
unaffected by the exposure process. In contrast, less stable QDs such as CdSe/ZnS 
core/shell ones have exhibited PL enhancement after light exposure due to defect 
passivation mechanisms. It should however be noted that PL enhancement of QDs in this 
manner is short-lived and that continued exposure of QDs to light results in PL decay due 
to photooxidation of the shell and the formation of surface traps. After ethanol vapor 
exposure, the photopattern was successfully replicated in a negative manner, with exposed 
areas exhibiting lower amounts of PL (Figure 10.6b). The photopattern was also found to 
be replicated in dark field microscopy, further confirming that the patterning is not due to 
intrinsic modification of the QDs (Figure 10.6c). It should be noted that this patterning 
method is limited to micron-size features, as the dewetted polymer patterns themselves 
cannot be reduced in size. One significant benefit to this photopatterning process, in 
comparison to many photomasking techniques, is that no prior masking or templating needs 
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to be done with a sacrificial layer, thereby reducing the complexity of the patterning 
process. 
10.4 Conclusions 
Ultimately, we are able to demonstrate enhancement factors of up to 5 for PLMA/QD thin 
films, and showed that enhancement is possible for a wide range of film thicknesses and 
QD concentrations. Photopatterning was also demonstrated to be feasible in patterning 
Figure 10.6: (a) Schematic of the PLMA/QD photopatterning process. (b) PL image of the 
PLMA/QD film after photopatterning. (c) Dark field microscopy of the same area. Scale 
bars are 200 µm. 
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areas of film adhesion and dewetting, which consequently led to specifically selected areas 
of PL enhancement. Also, this process avoids the need for specific spectral overlaps, as in 






CHAPTER 11.  GENERAL CONCLUSIONS AND BROADER 
IMPACT 
11.1 General conclusions and discussion 
Generally, this work focused on understanding and developing plasmonic and 
semiconductor nanostructure assemblies with novel, assembly-dependent emergent optical 
properties. In particular, the coupling behavior of metallic nanostructures as well as the 
combination of metallic or semiconducting nanostructures with polymeric components was 
stressed.  
Important objected focused on were: 
1. Understanding the nanostructure assembly fundamentals that can result in 
broadband absorbing plasmonic nanostructure assemblies through controlled 
coupling and assembly behavior; 
2. Gaining insight into the various morphologies of conjugated polymer and 
plasmonic nanostructure composites and how their combination can be utilized for 
reversible and stimuli-responsive absorption and scattering spectra; 
3. Examining the morphology of quantum dot/polymer composite films and how their 
interfacial properties can be altered for the enhancement of quantum dot 
fluorescence using polymer-mediated far-field coupling techniques.  
This work also provides a general framework for the study of optical materials and 
assemblies. Major themes present throughout the work detailed here included: 
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1. Controlled coupling interactions between noble metal nanostructures through the 
use of polymeric materials and the governing of monolayer nanoparticle density; 
2. Thorough characterization of material optical properties and the correlation of 
nanostructure optical properties with single particle and assembly morphology; 
3. An expanded understanding of nanoparticle, polymeric, and composite film 
behavior under a variety of environmental conditions and stimuli; 
4. The use of FDTD simulations to predict and confirm plasmonic phenomena as well 
as to elucidate the nanoscale fundamental interactions that these phenomena can be 
attributed to. 
Specifically, the coupling of AgNCs with a nanogroove-containing gold film using a 
polymer spacer layer was demonstrated to provide high broadband absorption in the 
visible-near-infrared range over a wide range of incident light angles. These 
component nanostructures were shown to spectrally and spatially complement one another 
to result in a multiplicative absorption enhancement. Importantly, the absorption properties 
were demonstrated to be heavily influenced by the groove width, as grooves that were 
smaller than AgNCs had their resonances partially suppressed. The coupling of AgNCs to 
each other was also shown to be beneficial for broadband absorption by blueshifting the 
AgNC LSPR away from the nanogroove resonance. These findings were supported by 
FDTD simulations on the effects of nanocube coupling and nanogroove parameters on their 
resultant reflection properties.  
The extension of broadband absorption to a TIR framework was accomplished using an 
AgNC aggregation gradient. AgNC aggregates were demonstrated to possess optical 
signatures covering a wide range of the visible spectrum under TIR conditions with low 
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surface coverages. Interestingly, such layers were found to possess a highly polarization-
selective and angle-dependent broadband absorption over the visible wavelength range. 
The combination of plasmonic nanostructures with conjugated polymers to create stimuli-
responsive nanostructures was thoroughly investigated and improved upon during the 
course of this work. Responsive assemblies were fabricated using a variety of nanoparticles 
and stimuli-responsive materials. Specifically, light- and electrically-responsive polymers 
and compounds were used with plasmonic nanoparticles to create tunable and reversible 
extinction signatures. An emphasis was placed on creating stable assemblies using 
nanoparticles with high refractive index sensitivities and polymers or compounds that 
demonstrated large reversible changes in their refractive properties.  
P3HT-coated AgND assemblies were used to achieve ultrathin and electroactive 
assemblies for LSPR modulation. The role of AgND coupling within the assemblies was 
investigated for a wide range of nanoparticle monolayer densities to determine the optimal 
coupling regime for electrochemical LSPR modulation of AgND monolayers. It was 
discovered that moderate nanoparticle densities perform better than low densities due to an 
increase in hot spots within the layer. Importantly, it was also demonstrated that high 
densities result in a drastic decrease of the LSPR modulation capabilities due to LSPR 
delocalization across the monolayers.  
Light-sensitive compounds were synthesized and combined with AgNCs to create light-
driven extinction modulating films. The use of novel light-responsive compounds was 
reported along with their kinetics in films and solutions. When combined with AgNCs, the 
compounds resulted in higher LSPR modulation than the combination of AgNCs with 
simple azobenzene moieties.  
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Separately, AuNCs were combined with PANI shells to create composite 
electrochemically responsive nanoparticles that were isolated from all resonance-
shifting coupling interactions. The polymerization of PANI around AuNCs was 
demonstrated to result in polymeric shells with a controllable thickness governed by the 
number of polymerization cycles conducted. Thicker shells were found to result in a higher 
degree of LSPR modulation with the tradeoff of an increased particle size. In a significant 
single particle study, the LSPR peaks of AuNC/PANI monomers and dimers were found 
to exhibit the same peak wavelengths and LSPR shifts upon an applied potential, thereby 
confirming the PANI shells simultaneously prevent coupling interactions between AuNC 
cores while also serving as a variable refractive index environment.  
In a similar manner, AuNRs were combined with a novel ECP to form composite films that 
exhibited high and reversible electrically-controllable LSPR modulation. In this study, 
an ECP was specifically synthesized with a low oxidative potential and a large refractive 
index change at the AuNR LSPR peak wavelength. Due to the AuNR’s high RIS along 
with the low potential necessary for the polymer to oxidize, stable and large LSPR 
modulations were achieved. 
Finally, the dewetting behavior of QD/polymer composite thin films was utilized to 
increase PL outcoupling. In contrast to thermal annealing, poor solvent exposure provided 
a fast reconfiguration of the film over large centimeter-sized areas. The increase in 
scattering sites led to a proportional increase in the observed PL, and emissive patterns 
were generated by modifying film-substrate interfacial properties through light exposure. 
In particular, this method was able to generate large area PL intensity enhancements in 
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a facile, scalable, and universal manner in comparison to other PL enhancement 
methods.  
11.2 Significance and broader impact 
Light-matter interactions on the nanoscale are increasingly important due to the rapid 
miniaturization of photonic elements, and noble metal plasmonic nanostructures and 
semiconductor QDs can both be exploited at these length scales for the respective control 
of extinction and emission. Importantly, both possess tunable structure-dependent optical 
properties that can be used for the applications such as sensing, displays, and photonic and 
photovoltaic elements. The confinement of light at these scales can also lead to the 
generation of novel properties that are not present on the macro scale, such as the 
absorption of noble metal nanoparticles that on the macro scale would be reflective instead.  
While single nanoparticle properties are largely understood and controlled for, their 
assembly behavior on substrates and their proximity to other nanostructures are less 
understood and can drastically influence their optical properties. The major emphasis of 
these studies was therefore on the furthered understanding of nanostructure assembly 
morphology and their resultant optical properties, with the subsequent fabrication of 
nanoscale assemblies with emergent broadband absorption, reversible stimuli-
responsive plasmon peaks, and enhanced photoluminescent intensity. The 
relationships between interfacial properties, different coupling interactions, and the large 
scale arrangements of substrate-bound nanoparticles on their resultant optical properties 
were explored and significantly clarified during the course of this work. Novel compounds 
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and polymers were additionally extensively optically characterized to allow their use in 
electromagnetic models for the elucidation of optical modes and phenomena.  
Realistic FDTD simulations that took factors such as nanoparticle edge rounding, 
nanoparticle coupling, and the presence of surfactants and substrates were instrumental in 
clarifying the mechanisms behind observed assembly phenomena. For instance, long-range 
interparticle coupling distances between Au film-coupled AgNCs were found to result in a 
blueshifted LSPR spectrum and increased reflection in contrast to most aggregation-
induced redshifts. Generally, fine mesh sizes of half a nanometer or less were found to be 
necessary for modeling the corner rounding of nanocubes and the aspect ratios of nanorods 
in order to reproduce experimental LSPR peak locations. Importantly, the use of periodic 
arrays was found to give a reliable first-order approximation of LB monolayers and their 
interparticle coupling modes. FDTD simulation techniques can also be used for insights 
into nanoparticle electric field decay lengths, and therefore their minimum shell 
thicknesses required to prevent interparticle coupling.  
Two different routes for the fabrication of broadband light absorbers were presented. While 
previous work in the field had focused on utilizing metamaterials or single plasmonic 
components to suppress reflection, the combination of AgNCs and Au nanogroove arrays 
proved the feasibility of engineering a broadband absorber by selectively combining 
multiple plasmonic resonances that spectrally and spatially complement one another. The 
chosen design was found to be relatively insensitive to the incident excitation angle in a 
marked difference from several previous absorber designs. At the time, this work also 
resulted in one of the highest broadband absorptions over the visible-NIR wavelength 
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regime for all studies in the field. Many studies to date have improved the fabrication of 
broadband absorbers by applying this same core concept with various other nanostructures. 
 In a different design, large AgNC aggregates, while normally highly scattering, could be 
used to achieve high broadband absorption in the visible wavelength range by acting as a 
total internal reflection interface. Importantly, while the formation of SPPs on a metal film-
prism interface is well-known, this study investigated the critical optical properties of 
AgNC aggregates and the relationship between aggregate orientation and light phase 
coupling at a prism interface. In contrast to the first design, this setup demonstrated high 
incident light angle and phase sensitivity that could be useful for phase filtering or angle-
controlled absorbance.  
The design of several different types of nanoparticle assemblies with stimuli-responsive 
polymers largely progressed the fabrication and understanding of such composite behavior. 
The determination of refractive indices of novel polymers and the examination of plasmon 
modes and decay lengths was also critical to the entirety of this work and serve as an 
excellent framework for future studies. The fabrication of AuNC/PANI core/shell 
nanoparticles was shown to intrinsically prevent coupling interactions between 
particles while offering an electrically controllable refractive index environment. 
Such fabrication methods and resultant nanoparticles could be used for highly reproducible 
electrochromic devices, sensors, light modulators, and solar cell components due to the 
preservation of the original extinction spectrum of a single nanoparticle. This work was 
also served as a basis for the design of AuNR/PANI core/shell nanoparticles (not discussed 
previously) that exhibited >100 nm LSPR shifts and pH-responsiveness due to the AuNR’s 
higher RIS and PANI’s greater refractive index variation with a pH change. 
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In contrast and in the first study of its kind, electrically controllable P3HT-coated AgND 
LSPR shifts were examined as a function of nanoparticle density. Intermediate AgND 
densities were shown to exhibit higher refractive index sensitivities than low densities due 
to the increased number of formed hot spots within the layer. Small interparticle distances 
were shown to result in a drastic decrease of the LSPR shift due to plasmon delocalization 
over the nanoparticle film. Extending these design principals could lead to nanoparticle 
assemblies that exhibit drastically increased LSPR shifts if hot spot formation is favored 
and delocalization is avoided, such as through the creation of dimers or higher order 
aggregates.  
Light-responsive arrays consisting of novel light-sensitive compounds and AgNCs were 
introduced for light-tunable LSPR switching. While a few studies previously examined the 
effects of light-responsive liquid crystalline matrices and self-assembled monolayers on 
Au nanoparticle LSPRs, this study was the first to incorporate Ag nanoparticles with a 
complementary environmental refractive index change for LSPR modulation below 500 
nm. Importantly, the compounds synthesized during the course of this work also exhibited 
higher refractive index changes when incorporated in a polymer film than simple 
light-sensitive azobenzene molecules. Although switching kinetics were on the order of 
minutes, the use of push–pull azobenzenes with faster photoisomerization kinetics in a 
similar setup could shorten the response time and shift the operational wavelength into the 
visible wavelength range. This study was also used to extend the TIR reflectance of 
plasmonic nanoparticles, as previously demonstrated with AgNC aggregates, in a light-
controllable manner that could enable further optical switching and filtering applications. 
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Finally, the induced dewetting of QD/PLMA composite films from substrates was used to 
enhance film emission through the reduction of internal waveguiding and a corresponding 
increase in scattering. Although many past studies have focused on the specific 
mechanisms behind thin film dewetting, this study was the first to apply such principles 
for optical property enhancement. Importantly, the dewetting of films could be 
accomplished fast (less than a second), simply, and over large areas without the addition 
of other materials or processing steps. This work could have potential applications for light-
emitting displays or devices by increasing the apparent brightness or by reducing the 
amount of costly nanoparticles necessary for a desired brightness level.  
Overall, the integration of multiple components in nanoscale assemblies and the 
subsequent characterization processes presented in this work can be used to address several 
existing challenges in present photonic and sensor applications. For instance, current LEDs 
often incorporate brightness enhancing layers that promote the outcoupling of light. The 
dewetting of QD/polymer composite films discussed in this work may be a convenient way 
to natively incorporate such a layer, thereby eliminating further processing time and costs. 
The tunable LSPR modulation presented during the course of this work can largely serve 
as potential optical filters, switches, or future photonic circuit elements. Lastly, broadband 
absorbers can serve thermophotovoltaic or photovoltaic elements that boost their 
efficiency. In a recent example, a plasmonic broadband absorber was also used to generate 
steam under solar irradiation.146 
Additionally, the controlled combination and assembly of noble metal and semiconductor 
nanostructures realized during the course of this work can serve as future frameworks for 
further control of light-matter interactions at the nanoscale. In particular, the use of 
219 
 
polymeric materials to govern assembly and coupling interactions is of import for future 
commercial applications for which lithography is impractical. One future direction to be 
explored that builds on the work presented here is the creation of ECP/QD composites for 
electrical control over the PL behavior. Such structures could result in reversible PL 
quenching depending on the absorption and emission peak overlaps and the bandgaps of 
the respective materials and could prove useful for optical lighting applications and 
responsive optical tags. Similarly, responsive emissive behavior could also be realized 
through the coupling of plasmonic nanostructures and QDs with stimuli-responsive 
polymers that shrink or swell. The switching between FRET-induced quenching and 
Purcell-induced enhancement depending on the nanoparticle-QD interparticle distance 
could result in large PL modulation.  
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Figure A.1: Experimental spectra for a nano-grating before and after deposition of the 




Figure A.2: Simulated spectra for all groove widths and periodicities of the nano-gratings. 
Peak positions closely match experimental values but display higher reflectance values 
































Figure A.3: Simulated spectra for 1-D nanocube arrays with face-to-face, face-
to-edge, and edge-to-edge orientations for an interparticle spacing of 125 nm 




Figure A.4: a) The far-field electric field intensity of the 2D nano-grating peak resonance 
as a function of angle. b) The far-field source power fraction of coupled nanocubes on a 
substrate as a function of half-angle for an integrating cone. Both simulations result in less 
than a 5% loss of power between the near-field monitor and the far-field collection region 




Figure A.5: High-contrast SEM images of a) 12%, b) 15%, and c) 22% nanocube surface 
densities. Images were used to calculate both surface coverage and interparticle distances 




Figure A.6: Experimental spectra for all groove widths and periodicities of a) the nano-




Figure A.7: Example of smoothing performed on an individual nano-grating spectrum 
(75w-400p). Spectra were smoothed using adjacent averaging over a 20 nm to eliminate 
instrumentation and normalization effects while still preserving all spectra features. 
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Figure B.1: (a) Refractive index (n) of quartz glass (purchased from ChemGlass) as 
determined from ellipsometry data by Cauchy model (units for λ in µm). (b) Measured 
substrate refractive index inside the simulation setup shown with an AgNC coated with 2 
nm stabilizers and 25% edge/corner rounding. Refractive index cross-section image at 400 




Figure B.2: UV-Vis measurement of the 12 mN/m sample in two different mounting









Figure B.4: Simulated scattering cross-sections of different aggregation types with an 
inter-particle spacing of 2 nm. 
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Figure C.1: UV-Vis spectra of AgND monolayers deposited in an LB-compressed manner 






Figure C.2: (a) The LB isotherms for AgND monolayers deposited using compressed and 
decompressed deposition methods. The variation between the two curves indicates a slight 
hysteresis effect. (b) The surface coverage of the AgND monolayers as a function of LB 




Figure C.3: (a) A scratched AgND monolayer for thickness measurements. (b) Cross-
section showing the same minimum height in the monolayer and in the scratch, confirming 












Figure C.4: AFM topographical images of (a) compressed and (b) decompressed AgND
monolayers deposited at 6 mN/m. Very few micelles, visible as the elevated spots, are 
present for both samples. (c) Corresponding phase image for (a). (d) Corresponding phase 




Figure C.5: FDTD-simulated spectra of undoped and iodine-doped P3HT films based on 
refractive indices obtained from literature.   
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Figure C.6: (a) Ellipsometry-derived k values for undoped and partially doped P3HT films. 
The ellipsometry-derived absorption is a closer match to the experimental results (Figure 
6.8a) than the absorption values obtained from literature refractive indices (Figure C.5). 
(b) The real refractive index, n, for undoped and partially doped P3HT films used to 
calculate ∆n (Figure 6.8b). 
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Figure C.7: UV-Vis spectra of an AgND monolayer deposited at 0 mN/m with and without 
a P3HT coating in air and electrolyte environments. Broadening of the P3HT, electrolyte 















































Figure C.9: Red shift of the AgND monolayer LSPR peak after P3HT deposition for both 
compression (black) and decompression (red) methods. 
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Figure C.10: a) One switching cycle for a compressed 4 mN/m P3HT-coated AgND
monolayer showing a 13 nm LSPR shift. The peak at 500 nm is due to P3HT absorption. 
b) One switching cycle for a decompressed 4 mN/m P3HT-coated AgND monolayer 

































Figure C.11: Electropotential cycles of a bare AgND monolayer without a P3HT coating.
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Synthetic Procedures 
All chemicals were purchased from Sigma-Aldrich unless stated otherwise. 4-
Phenylazophenol (S1), octakis(dimethylsilyloxy)silsesquioxane (POSS-H), platinum(0)-
1,3-divinyl-1,1,3,3- tetramethyldisiloxane complex solution (Karsted’s Catalyst) in xylene 
(Pt ~ 2%), 2- allyloxyethanol (98 %), and NaH (60 % dispersion in mineral oil) were used 
as received. THF was distilled from sodium/benzophenone, and toluene was distilled over 
calcium hydride. All other reagents and solvents were used as received from standard 
vendors. Reactions were performed at room temperature (20-22 °C), unless stated 
otherwise. AgNCs with a 50 nm edge length were synthesized using the polyol method as 
described earlier.1 The compound 2 was synthesized as described previously.2 Reactions 
were monitored by Thin Layer Chromatography (TLC) using aluminum backed silica gel 
plates, visualized using 254 nm UV light. Flash chromatography was carried out using 
silica gel as the stationary phase. Compound (E)-1-(4-(6-bromohexyloxy)phenyl)-2-
phenyldiazene (S2) was prepared according to the literature procedure.3 1H NMR spectra 
were recorded on a Bruker Avance DRX 500 MHz spectrometer at room temperature in 
deuterated chloroform (CDCl3). Chemical shifts are reported relative to chloroform (δ = 
7.25 ppm). The 13C NMR spectra were recorded on Bruker DMX 400 spectrometers at 
25°C in CDCl3. Coupling constants (J) are measured in Hertz (Hz). FTIR spectra were 
obtained on a Bruker Vertex 70 spectrometer in KBr pellets. Freshly cut silicon substrates 
with dimensions of 1 cm x 2 cm and the [100] orientation (Semiconductor Processing) and 
a native silicon oxide layer were cleaned with piranha solution (3:1 concentrated sulfuric 
acid and hydrogen peroxide mixture) in accordance with the usual procedure.4 
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Subsequently, they were rinsed with Nanopure water and dried with a dry air stream. 
Assembly of AgNCs on quartz substrates was done via the Langmuir-Blodgett (LB) 
technique S2 using a KSV2000 LB minitrough filled with Nanopure water (18.2 MΩ cm). 
The surface pressure was measured with a platinum Wilhelmy plate. The quartz slides 
(CGQ-0640-01, 75×25 mm) were purchased from Chemglass Life Sciences. The quartz 
slide (cleaned with acetone and by O2 plasma etching for 1 min at 100 µTorr (0.13 mbar)) 
was submerged into a water phase prior to the formation of a monolayer. The stock solution 
of PVP-coated AgNCs in water (1 mL) was diluted to 10 mL using Nanopure water in a 
conical-bottom glass centrifuge tube. The AgNCs were separated by centrifugation for 30 
min at 4000 rpm and subsequently washed in a similar manner with EtOH/H20 (10 ml, 1/1, 
v/v) and EtOH (10 mL). Finally, the residue was suspended in CHCl3 (2 mL) and used 
within 1 h for LB deposition. The solution of AgNCs in CHCl3 (1 mL) was carefully spread 
over the water surface and the monolayer was left for 30 min to allow for evaporation of 
the organic solvent and equilibration. The Langmuir monolayer of AgNCs was then 
compressed at a rate of 5 mm/min to reach a surface pressure of 2 mN/m. The monolayer 
was transferred onto quartz slide at the air-water interface by pulling the substrate up 
vertically at a rate of 1 mm/min. Since both sides of the quartz slide were coated with a 
monolayer, one side and the edges were carefully cleaned with acetone to remove the 
AgNCs on that side. All samples were stored in a vacuum desiccator before 
characterization.  
Compounds 1 and 2 were prepared using a hydrosilylation approach utilizing POSS-H as 
a scaffold for attachment of azo dyes bearing reactive allyloxy groups (see Figure D.1).2 
Commercially available 4-phenylazophenol (S1) served as a precursor for synthesis of 
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compounds AB and S3. The allyl handle for subsequent hydrosilylation reaction was 
introduced by etherification of compound S1 with an allyl bromide or compound S2 with 
2-allyloxyethanol in the presence of a base. The hydrosilylation was conducted by stirring 
S3 octakis(dimethylsilyloxy)silsesquioxane with eight equivalents of respective allyloxy 
derivative (AB or S3) in dry toluene at 40 ºC in the presence of 2 mol% of platinum(0)-
1,3-divinyl-1,1,3,3- tetramethyldisiloxane (Karsted’s catalyst). The reactions were 
terminated after 72 h and the products were isolated by evaporation of the solvent followed 
by silica-gel chromatography. The purification gave compounds 1 and 2 in yields of 65% 
and 53% respectively. The successful grafting of dyes onto POSS-H was indicated by IR 
spectra of Azo-POSS compounds, in particular by a disappearance of a Si-H stretching 
band at 2140 cm-1 (Figure S2). Furthermore, both sets of signals from the POSS core (Si-
C at 1250 cm-1, Si-O-Si at 1090 cm-1) and the aromatic dyes (C-H at 3050 cm-1, C=C at 
Figure D.1: Synthesis of compound 1. 
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1600 and 1500 cm-1) were present in conjugate spectra. 1H NMR spectroscopy indicated 
nearly complete modification of octavalent POSS core with azo dyes. From comparison of 
integral areas of CH3 proton signals of the POSS cage and the total integral area of attached 
dye molecules, the degree of functionalization was 90% for both 1 and 2.  
Synthesis of (E)-phenyl[4-(6-[2-(prop-2-en-1-yloxy)ethoxy]hexyloxy)phenyl]diazene (S3): 
A solution of 2-allyloxyethanol (0.25 g, 0.0024 mol) in dry THF (8 mL) was added to a 
suspension of sodium hydride (0.058 g (0.097 g – 60%), 0.0024 mol) in dry THF (2 mL) 
under inert atmosphere. The resulting mixture was stirred at room temperature for 1 h. 
Then dye S2 (0.8 g, 0.0022 mol) was added and the mixture was heated at reflux for 24 h. 
Suspension was cooled to room temperature and poured into dilute HCl (5%, 20 mL). The 
product was extracted with dichloromethane, and then an organic layer was isolated with 
a separating funnel and washed with aqueous Na2CO3, then H2O. After drying over 
Na2SO4, the solvent was evaporated in vacuo. The obtained product was column 
chromatographed on silica gel with a mixture of hexane and ethyl acetate (5/1) as the 
eluent. Yield: 60 %. 1H NMR (CDCl3, δ, ppm): 1.42-1.55 (m, 4H, Ph-
O(CH2)2CH2CH2(CH2)2О-), 1.65 (p, 2H, J1=6.6 Hz, J2=7.7 Hz, PhO(CH2)4CH2CH2О-), 
1.84 (p, 2H, J1=6.6 Hz, J2=7.7 Hz, Ph-OCH2CH2(CH2)4О-), 3.5 (t, 2H, J=6.6 Hz, Ph-
O(CH2)5CH2О-), 3.61 (s, 4H, -OCH2CH2O-), 4.03 (br.s, 4H, [Ph-OCH2(CH2)5О-] + [-
СН2CH=CH2]), 5.19 (d, 1H, Jcis=10.4 Hz, =СН2а), 5.29 (d, 1H, Jtrans=17.0 Hz, =СН2b), 
5.90- 5.97 (m, 1Н, =СН-), 7.05 (d, 2Н, J=8.8 Hz, Ph), 7.44 (t, 1Н, J=7.1 Hz, Ph), 7.51 (t, 
2Н, J1=7.1 Hz, J2=7.7 Hz, Ph), 7.85 (d, 2Н, J=7.7 Hz, Ph), 7.92 (d, 2Н, J=8.8 Hz, Ph). FTIR 
(KBr, cm-1): 3120-2990 (w), 2960–2640 (s), 1607 (s, C=C, arom.), 1504 (s, C=C, arom.), 
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1262 (s, C-O), 1123 (s), 1016 (m), 915 (m), 843 (m), 804 (m), 768 (s), 682 (m). UV-vis, 
CHCl3: λmax = 348 nm.  
Synthesis of Azo-POSS derivative 1: A total of 0.3 g (0.7859 mmol) of S1 and 0.1 g (0.0982 
mmol) of POSS-H was dissolved in 3 mL of toluene, and 30 µL of Karsted’s Catalyst was 
added to the reaction solution. The reaction mixture was stirred at r.t. for 72 h and then 
cooled to room temperature. After removing all the solvents at reduced pressure, the 
residue was dissolved in CH2Cl2 and passed through a silica gel. The solvent was 
concentrated and the obtained solid was purified by double precipitation from chloroform 
solution into hexane. The final product was dried in a vacuum oven overnight at 40 oC. 
Yield: 65%. 1H NMR (CDCl3, δ, ppm): 0.14 (s, 6H, - SiCH3), 0.59 (br.s, -SiCH2CH2CH2O-
), 1.42 (br.s, 2H, Ph-O(CH2)2CH2(CH2)3О-), 1.50 (br.s, 2H, Ph-O(CH2)3CH2(CH2)2О-), 
1.60-1.66 (m, 4H, [Ph-O (CH2)4CH2CH2О-] + [- SiCH2CH2CH2O-]), 1.84 (br.s, 2H, Ph-
OCH2CH2(CH2)4О-), 3.42 (t, 2H, J=7.7 Hz, PhO(CH2)5CH2О-), 3.47 (t, 2H, J=7.1 Hz, -
SiCH2CH2CH2O-), 3.57 (s, 4H, -OCH2CH2O-), 4.02 (t, 2H, J=6.6 Hz, Ph-OCH2(CH2)5О-
), 6.98 (d, 2Н, J=8.2 Hz, Ph), 7.43 (t, 1Н, J=7.7 Hz, Ph), 7.49 (t, 2Н, J1=7.7 Hz, J2=7.7 Hz, 
Ph), 7.87 (d, 2Н, J=8.2 Hz, Ph), 7.90 (d, 2Н, J=8.2 Hz, Ph). FTIR (KBr, cm-1): 3120-3017 
(m), 3000–2764 (s), 1606 (m, C=C, arom.), 1505 (s, C=C, arom.), 1471- 1300 (m), 1259 


















Figure D.3: Photoisomerization of 1 and 2. a) 1 in CHCl3 solution, b) 2 in CHCl3 solution, 
c) Kinetics of trans-cis photoisomerization of 1 and 2 in CHCl3 solution. d) UV-Vis 
absorbance spectra of 1 spincast on a quartz slide before and after irradiation with UV light 





Figure D.4: 10×10 µm2 AFM topographical images of a thin film of 2 on silicon substrate; 
height is on the left, and phase is on the right. (a) As spun film. (b) Film after UV 
irradiation. (c) After Vis irradiation. (d) 10 min after Vis irradiation. 
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Figure D.5: Determination of the thickness of an AgNC monolayer coated with 2 using 
AFM profilometry. (a) 40×5 µm2 AFM topographical scan of the scratch in the film. (b) 




Figure D.6: (a) Photoinitiated switching behavior of AgNCs coated with Azo-POSS 
compound 2 irradiated for 1 min. (b) LSPR peak position modulation upon exposure to 365 




Figure D.7: 10×10 µm2 AFM topographical images of a thin film of 2 top of the AgNC 
monolayer (not the same area) after performing multiple switching studies. (a) After 
UV irradiation. (b) After Vis irradiation. 
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Figure E.1: TEM image of as-synthesized AuNCs dropcast on a TEM grid. 
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Figure E.4: UV-vis spectra of (a) as-sprayed AuNCs and AuNC/PANI, (b) AuNC/PANI-
13 nm, (c) AuNC/PANI-18 nm, and (d) AuNC/PANI-26 nm in air, pH 8.2 water, and 0.2 
M HCl aqueous solution. (e) UV-vis spectra of AuNC/PANI with different PANI shell 





Figure E.5: AFM images of (a) AuNC on plasma-treated ITO, (b), (c) AuNC/PANI-18 nm 
on PEI-ITO, (d), (e) AuNC/PANI-37 nm on PEI-ITO, and (f) average height of 




Figure E.6: (a) UV-vis spectra of AuNC/PANI-37 nm in a 0.5 M HCl electrolyte, and (b) 
its LSPR peak position and extinction vs. voltage (vs. Ag/AgCl). (c) UV-vis spectra of 
AuNC/PANI-37 nm during cycling from -0.6 to 0.4 V, and (d) its LSPR peak position and 




Figure E.7: (a) UV-vis spectra of AuNC/PANI-37 nm with a 0.5 M NaCl in 0.1 M HCl 
electrolyte during cycling (vs. Ag/AgCl) and (b) its LSPR peak position and extinction. (c) 





Figure E.8: (a), (b) UV-vis spectra of AuNC/PANI-26 nm at different voltages (vs. 
Ag/Ag+ ) with 0.5 M LiBTI in PC electrolyte, (c) LSPR peak position and maximum peak 
extinction vs. voltages, (d) UV-vis spectra of AuNC/PANI-26 nm during cycling, and (e) 




Figure E.9: (a), (b) UV-vis spectra of AuNCs at different voltage (vs. Ag/AgCl) and, its 
peak LSPR peak position and extinction with a 0.5 M NaCl in 0.01 M HCl electrolyte (c) 
vs. voltage and (d) during cycling from -0.3 to 0.5 V. 
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Figure E.10: (a) Near field intensity for an AuNC in water, and (b) the cross-sectional near 
field intensity vs. position for obtaining the electromagnetic decay length. The zero position 
indicates the center of the cube. 
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Figure E.11: (a) UV-vis spectra of AuNC solution and AuNC nanoparticles deposited on 
ITO substrates with different densities. (b) UV-vis spectra of AuNC/PANI-37 nm 
core/shell nanostructures in solution and AuNC/PANI core/shell nanostructures deposited 








Table E.2: Refractive index sensitivity (m), electromagnetic field decay length (ld), and R 
2 for fitting. 
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Figure F.2: Electrochromic behavior of AuNR/ECP-Mg composite material with 60 nm 
polymer thickness under applied potential. (a) Change in extinction over one cycle. (b) 
LSPR peak wavelength plotted versus applied potential. (c) Electrochemical cycling for 5 





Figure F.3: Electrochromic behavior of AuNR/ECP-Mg composite material with 120 nm 
polymer thickness under applied potential. (a) Change in extinction over one cycle. (b) 
LSPR peak wavelength plotted versus applied potential. (c) Electrochemical cycling for 
10 cycles. Red dotted lines indicate electrochemical oxidation. (d) Stability before and after 




Figure F.4: Simulated extinction spectra of AuNRs on ITO substrate in air and water. 
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Figure F.5: Simulated LSPR wavelength of AuNRs with various silica shell thicknesses 
(black line). Exponential fit to Equation 4 to determine the electromagnetic field decay 
length (ld) (red line). 
276 
 
 Chapter 10 Supporting Information 
Figure G.1: (a),(b) 0.5 wt% and (c), (d) 1 wt% PLMA/QD composite film morphologies. 




Figure G.2: Maximum feature height of dewet QD/PLMA films as a function of film 
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